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Abstract
This thesis explores the relationship between microstructure, mor-
phology and device physics in gravure printed and solution processed
organic field-effect transistors (OFETs). Chapter 1 introduces the
key concepts encountered in this work: the properties of organic semi-
conductors and OFETs; the use of printing techniques in organic elec-
tronics; and the relationship between microstructure and OFET per-
formance in poly(3-hexylthiophene) (P3HT). Chapter 2 details the
materials and experimental techniques used in this thesis.
In Chapter 3, gravure printing is demonstrated for high throughput
fabrication of OFETs. Printed devices are achieved with typical sat-
urated mobility of 0.03cm2/Vs and on/off ratio in the range 103.9−4.6,
which exceeds that achieved with spin coated devices with the same
material system and geometry.
Chapter 4 presents a systematic comparison of the microstructure
and OFET characteristics of gravure printed and spin coated P3HT
thin films. First light scattering is used to understand the confor-
mation of P3HT chains in various solvents, then grazing incidence
wide angle X-ray scattering (GIWAXS), absorption characteristics
and atom force microscopy (AFM) are used to characterise the mi-
crostructure of the P3HT films. In turn, this is compared to OFET
performance.
In Chapter 5 two solvent based techniques are investigated as alter-
natives to thermal annealing as methods to enhance microstructure.
A blend of a high and low boiling point solvent is first examined as the
casting solvent for P3HT and is found to moderately improve P3HT
field-effect mobility. Secondly, solvent vapour treatment (SVT) - ex-
posing a P3HT film to a solvent vapour after spin coating - is studied
by in-situ GIWAXS. The time resolved measurement of interchain
and interlamella distances allowed the dynamics of SVT to be investi-
gated. SVT was found to decrease P3HT crystallinity, although AFM
showed it lead to smoother films.
In Chapter 6 two emerging materials are investigated for use in
OFETs. Preliminary work on fabricating OFETs with single crystal
copper phthalocyanine is presented. Finally, work towards a metal-
free OFET is described in which the source and drain electrodes are
formed of high conductivity PEDOT deposited by vapour phase poly-
merisation.
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Chapter 1
Background
This chapter introduces and explores the major topics encountered
in this thesis: the electronic and optical properties of organic semi-
conductors; the device physics of organic field effect transistors (OFETs);
organic thin film printing techniques; and the relationship between
microstructure, morphology and charge transport in poly(3-hexylthiophene).
1
1.1 Organic semiconductors
1.1 Organic semiconductors
Motivated by the unique combination of properties which organic electronic ma-
terials possess, increasing academic and commercial interest has been directed
towards them. It is hoped that these materials, which unite the optoelectronic
properties of semiconductors with the characteristics of plastics (low cost synthe-
sis, solution processing and mechanical flexibility), will beget a new generation
of ubiquitous and inexpensive electronic devices.
The nature of bonding within and without organic semiconductor molecules
is central to explaining their structural, electronic and optical properties. This
section briefly reviews the development of the field and the classes of organic
molecules found to be semiconductors since the 1950s. Although their chemical
structures are diverse, from small molecules to polymers, they are all pi-conjugated
systems. To understand how this gives rise to an energy gap and allows charge
transport, a relevant review of carbon chemistry is given and the electronic struc-
ture of conjugated polymers, the materials chiefly used in this thesis, is thereby
discussed. The various charge carriers in organic semiconductors are introduced,
although a fuller discussion of charge transport models is reserved for the section
on OFETs (section 1.2). Finally, the optical properties of organic semiconductor
thin films are described.
1.1.1 History
Although there has been sizeable interest in organic semiconductors over the
last 20 years, scientific curiosity about these materials extends at least as far
back as the early 20th century [1, 2]. This early research almost exclusively
focused around organic molecular crystals such as anthracene. In 1963, M. Pope
and colleagues from New York University demonstrated electroluminescence in
organic crystals [3] which prompted a renewed focus on these materials amongst
academics. They were excited by promising results such as high charge mobility
(e.g. [4]) and reproducible demonstrations of light emission [5]. By virtue of the
high degree of structural order found in organic molecular crystals, they were
further encouraged that the band model of solids developed for understanding
the electronic structure of inorganic semiconductors was readily applicable to the
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interpretation of their results [6]. By 1965 the first patent related to a device based
on organic electronic materials was granted [7]. However, applications outside
the laboratory were limited by the unreliable purity and poor processability of
available organic compounds [6] and the large operating voltages mandated by
crystal thickness in the micrometer to millimetre range [8].
Electronic conduction in the polymer polypyrrole was reported by B. A. Bolto
and co-workers in 1963, who noted that the magnitude of conductivity varied
with synthesis processing parameters [9]. As controlled synthesis and doping
of conjugated polymers developed through the 1960s and 1970s, further reports
of electronic conduction in polymers were made: in 1974 in melanin [10] and
then in polyacetylene in 1977 by researchers at the University of Pennsylvania
[11]. This work on polyacetylene, structurally the simplest conjugated polymer,
demonstrated the ability to tune conductivities over 11 orders of magnitude by
controlled doping. In doing so, it generated substantial new attention towards the
field and established conjugated polymers as a new class of organic semiconductor
alongside organic molecular crystals. Three of the paper’s authors, A. J. Heeger,
A. G. MacDiarmid and H. Shirakawa, were honoured with the 2000 Nobel Prize
in chemisrty for “the discovery and development of conductive polymers”.
Using both molecular crystals and polymers, researchers during the 1980s
fabricated organic equivalents of established inorganic semiconductor devices. In
1986 researchers at Mitsubishi Electric Corporation published details of the first
field-effect transistor fabricated with an organic thin film, polythiophene, as the
semiconductor [12, 13]. Their device showed current modulation in the 102-103
range. In the same year, C. W. Tang at the Eastman Kodak Company demon-
strated the first efficient Organic Photovoltaic (OPV) cell, with a power conver-
sion efficiency of about 1% [14]. The device comprised a double layer of copper
phthalocyanine and a perylene tetracarboxylic derivative. The following year, C.
W. Tang and colleaugues reported efficient electroluminesence from vapour de-
posited small molecules [15]. Although this wasnt the first Organic Light Emitting
Diode (OLED) reported in the literature, it represented a significant advance in
organic electronics. Using a double layer structure and recognising the importance
of electrode choice to charge injection efficiency, they demonstrated an operating
voltage of 10V: an order of magnitude improvement on previous work. Potential
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applications for such devices outside the laboratory were evident to academia and
business alike.
In 1990, the first conjugated polymer electroluminescent device was reported:
a single layer of poly(p-phenylene vinylene) (PPV) sandwiched between an electron-
injecting and a hole-injecting contact [16]. Making use of a soluble precursor to
deposit the PPV film, J. H. Burroughes et al. demonstrated simple and scalable
solution processing of light-emitting devices.
Motivated by these discoveries, it is understandable that scientific and indus-
trial interest in organic semiconductors and devices incorporating them increased
geometrically throughout the 1990s and 2000s. OFETs, OLEDs and OPV cells
have been continually optimised through improved device structures, processing
techniques and materials. They have been joined by new applications for organic
semiconductors: programmable memory [17], RFID chips [18] and white ambient
lighting [19].
1.1.2 Types of organic semiconductors
During the development of the field, researchers identified two distinct classes
of conjugated organic molecules which showed semiconductor behaviour: small
molecules and polymers. It is instructive to consider these classes in terms of
structural complexity, as in figure 1.1. Small molecules, being monomeric com-
pounds with a distinct molecular weight, are the simplest. More complex are poly-
mers: macromolecules consisting of large, often undefined, numbers of a chemical
repeat unit (CRU) assembled into a long chain. By virtue of the synthesis pro-
cess, polymers used in organic electronics do not have a well defined molecular
weight.
Although the models of charge transport vary, there is considerable overlap
in the electronic and optical properties of small molecules and polymers. In
practice, the different deposition techniques used to fabricate thin films (vacuum
deposition for small molecules and solution processing for polymers) represents
the most evident distinction between them [20].
More recently, two new classes of conjugated molecules have established them-
selves as organic semiconductors. Dendrimers are formed of CRUs, but the num-
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Polymers
n
Complexity
Small molecules
Figure 1.1: Two conjugated molecules widely used in organic electronics illustrate
the increasing complexity between monomeric small molecules and polymers built
into long chains of many chemical repeat units (CRUs). The small molecule shown
here is copper phthalocyanine and the polymer is poly(3-hexylthiophene).
ber of these is small and well defined. They form branch-like structures and
occupy a middle ground of complexity between small molecules and polymers.
Uniquely, dendrimers can be synthesised to create molecules in which the elec-
tronic and processing properties can be tuned independently [21]. By decoupling
the two, dendrimers offer a distinct advantage over polymers in which modify-
ing a CRU to enhance electronic properties may degrade solubility and therefore
processability.
Fullerenes are a family of spherical and tubular allotropes of carbon. The
hollow sphere, buckminsterfullerene C60 was first to be discovered and has since
been joined by carbon nanotubes. Excellent electron transport has prompted
their widespread use as the electron accepter in organic photovoltaics and for n-
channel organic transistors. To aid processability, soluble derivatives like phenyl-
C61-butyric acid methyl ester (PCBM) are typically used in devices.
1.1.3 Characteristics of polymers
The synthesis reactions which link CRUs into polymers chains rarely result in
samples with a unique degree of polymerisation. Individual chains therefore have
a range of molecular masses distributed around a mean value. It is helpful to
define the polydispersity index (PDI) to describe the molecular mass distribution:
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PDI =
Mw
Mn
(1.1)
where Mw is the weight average molecular mass and Mn is the number average
molecular mass:
Mw =
∑
iNiM
2
i∑
iNiMi
and Mn =
∑
iNiMi∑
iNi
(1.2)
where Ni is the number of molecules of molecular weight Mi.
By inspection, Mw is always greater than or equal to Mn so the PDI takes
values of unity and above. A PDI of unity indicates a perfectly monodisperse
sample: there is no variation in chain length between individual polymers. Larger
PDIs indicate increasingly large molecular mass distributions in the sample [22].
1.1.3.1 Polymers in solution
Conjugated polymers used in organic electronics are either soluble as prepared, or
synthesised with a side group to enhance solubility. Polythiophene is insoluble,
but with the addition of an alkyl chain the family of poly(3-alkylthiophenes)
are readily soluble in many organic solvents. An intuitive understanding of the
thermodynamics of mixing a polymer and solvent can be gained by inspecting the
expression for the Gibbs free energy of mixing, ∆GM, derived in Flory-Huggins
solution theory [23, 24]:
∆GM = kT [N1lnφ1 +N2lnφ2 +N1lnφ2χ12] (1.3)
where N1 is the number of molecules and φ1 is the volume fraction of the solvent;
n2 is the number of molecules and φ2 is the volume fraction of the polymer; χ12 is
the Flory interaction parameter, a unitless quantity which accounts for the energy
required to mix solvent and polymer molecules; and k is the Boltzmann constant.
The first two terms on the right hand side of equation 1.3 are entropy terms arising
from the disorder introduced when molecules of the polymer and solvent are
interspersed together. The final term is an enthalpy term accounting for polymer-
solvent interactions during mixing. It is a material property specific to both the
combination of polymer and solvent and is typically positive. Differentiating
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equation 1.3 with respect to the number of solvent molecules N1 we obtain the
partial molar Gibbs free energy of dilution, equal to the difference between the
chemical potential of the solvent in solution µ1 and the neat solvent µ
0
1:
δ∆GM
δN1
= µ1 − µ01 = RT
[
ln(1− φ1) +
(
1− 1
r
)
φ2 + φ
2
2χ12
]
(1.4)
where R is the gas constant and r is the ratio of polymer volume to solvent
volume [25]. Taking a second order Taylor expansion of the logarithmic term,
since φ1 < 1, we obtain:
µ1 − µ01 = −RT
[(
φ2
r
)
+
(
1
2
− χ12
)
φ22
]
(1.5)
In the long chain polymer regime r >> 1, so we see the influence of the χ12
term, directly related to the enthalpy of solvation, in determining whether a given
polymer can dissolve in a solvent.
The starting point for understanding the behaviour of polymers in solution
is to build up a chain of N units in a random walk. If the length of each unit
is l (typically the C-C bond length), the r.m.s. value of end-to-end distance R is
given by 〈R2〉 12 = lN 12 . An important quantity is the radius of gyration Rg of a
polymer in solution, the r.m.s. distance of all units from the polymer’s centre of
mass:
Rg =
1√
6
〈R2〉 12 = 1√
6
lN
1
2 (1.6)
The radius of gyration can be inferred from light scattering experiments and
gives information about how the chain is arranged in space. The conformation
of the chain is a strong function of whether the solvent is “good” or “bad” for
a given polymer. In broad terms the chain may adopt a rod-like or a coil-like
structure [26].
A related but different quantity to Rg is the hydrodynamic radius, Rh. Par-
ticularly in the case of a coil structure, solvent molecules close to the polymer’s
centre of mass move in tandem with it due to hydrodynamic forces. An imperme-
able solvent sphere of radius Rh is thus centred on the polymer. It is sometimes
useful to think of a polymer chain and its associated solvent as a hard sphere,
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moving with a diffusion constant D and encountering friction η, determined by
the size and shape of the molecule. In that case, the hydrodynamic radius may be
expressed as Rh =
kBT
6piηD
. The magnitude of the hydrodynamic radius is typically
smaller than the radius of gyration according to Rh ' 23Rg [22].
The random walk model is however extremely simplistic. It does not account
for interaction between adjacent CRUs which usually limit the freedom of poly-
mers to adopt arbitrary angles along the chain. More complete models account
for this and the evident requirement that the random walk must be self avoiding.
Furthermore, by introducing the concept of an excluded volume around the chain,
the finite width of the polymer is included.
1.1.4 Carbon chemistry
To understand how organic conjugated molecules can be semiconductors, it is
first important to appreciate how carbon can make four covalent bonds when at
first glance it should only be able to make two. That carbon is able to do so also
has wider significance: it enables the complex but stable molecules required for
life to form, elevating carbon to an accordingly important place in biology.
The chemistry of an element is determined by the configuration of its valence
(outer) electron shell. Atoms without a full valence shell tend to react readily with
other atoms to achieve a full outer shell, either by forming an ion and creating
an ionic bond, or by sharing electrons to form a covalent bond.
Examining carbon’s electronic ground state, 1s22s22p2, indicates that only the
2px and 2py orbitals have unpaired electrons and that it is therefore a divalent
element. However, carbon in practice is tetravalent. This is possible through a
process of electron promotion and orbital hybridisation. During bonding a 2s
electron is promoted to a 2p orbital, thereby creating four unpaired electrons
in the state 1s22s12p3. In this state carbon forms linear combinations of the 2s
and some or all of the 2p orbitals to form a new set of hybrid orbitals which are
optimally arranged for bonding [27].
Depending on the number and character of other atoms available for bonding,
carbon hybridises to one of three spn states:
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• The 2s orbital may mix with all three of the 2p orbitals to form four new sp3
hybrid orbitals of equal energy. In this case, the new orbitals are directed
towards the four corners of a tetrahedron to minimise electron-electron re-
pulsion. This state allows carbon to make four σ bonds (single bonds).
Since the electrons involved in σ bonds are highly localised, the covalent
bond is strong and polymers with a backbone of sp3 hybridised carbons are
insulators.
• The 2s orbital may mix with two of the 2p orbitals to form three new
sp2 hybrid orbitals, leaving the 2pz orbital unchanged. This is the form
of hybridisation found in most organic semiconductors and the electron
configuration is illustrated in figure 1.2(a). In this arrangement, the sp2
orbitals lie in a common plane pointing to the corners of an equilateral
triangle, whilst the unchanged 2pz orbital is normal to the plane (figure
1.2(b)).
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2
 hybridisation state
(a) Formation of sp2 hybridised carbon via electron promotion.
(b) Three dimensional representations of valence electron or-
bitals in carbon. Left: after electron promotion. Right: sp2
hybridised carbon.
Figure 1.2: sp2 hybrisation in carbon.
Two sp2 hybridised carbon atoms can bond by overlapping one each of
their hybrid orbitals to form a σ bond. The unhybridised 2pz orbitals
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on both carbons are thus bought sufficiently close that their orbital lobes
overlap above and below the σ bond, forming a pi bond (figure 1.3). The
combination of a σ and a pi bond is a double bond. Structurally, the effect
of forming a pi bond is to hinder rotation around the carbon-carbon axis
[27]. In contrast to electrons in σ bonds, pi electrons are delocalised above
and below the plane of the molecule.
Figure 1.3: Bonding between two sp2 hybridised carbons leads to a double bond:
the combination of a σ and a pi bond. The remaining four sp2 orbitals may form σ
bonds with other atoms. In the simplest case, by overlapping with the spherical 1s
orbital of four hydrogens, ethene is yielded.
• The 2s orbitals may mix with just one of the 2p orbitals to form two new
sp hybrid orbitals, leaving two 2p orbitals unchanged. The sp orbitals
are directed 180o away from each other due to electron-electron repulsion.
When two sp hybridised carbons bond, a σ bond is formed by overlap of
two sp orbitals. The unchanged 2p orbitals, which lie normal to the carbon-
carbon axis, form two pi bonds. One is above and below the σ bond, the
other in front and behind. This combination of a σ bond and two pi bonds
is a triple bond.
The total process of promotion and hybridisation is energetically favourable
since bond formation releases energy and the promoted electron leaves the doubly
10
1.1 Organic semiconductors
occupied 2s orbital to enter the vacant 2p orbital, significantly reducing electron-
electron repulsion. Although it is most readily described in this manner, it is
important not to view bond formation as a sequential process of promotion, hy-
bridisation and bonding. Rather, it is an integrated event in which electrons seek
the most stable configuration [28].
1.1.5 Origin of the energy gap in conjugated systems
Organic conjugated systems possess a backbone of sp2 hybridised carbon atoms
linked by alternating single and double bonds∗. It is instructive to consider the
simplest conjugated polymer: polyacetylene, a chain of carbon atoms each bonded
to two neighbouring carbons and one hydrogen. The σ bonds form the molecule’s
structural framework whilst each carbon contributes one 2pz electron which de-
localises (conjugates) throughout the system [27].
It is not possible to derive an exact solution for the many body Hamiltonian
of a conjugated polymer, but quantum chemistry offers several approximate ap-
proaches to compute the electronic structure of molecules. Most importantly,
the Born-Oppenheimer approximation draws on the relatively sluggish pace of
nuclear dynamics (10−13s) compared to electron dynamics (10−15s) to formally
decouple them. Thus a many body state |I〉 may be represented as the product
of an electronic state |i; {~R}〉 (where {~R} is the set of nuclear coordinates) and
an associated nuclear state |νi〉. Namely |I〉 = |i; {~R}〉|νi〉. This insight has made
possible practical models of electronic structure throughout solid state physics
[27].
The most intuitive approximate method is to build up a molecular orbital
(MO) by means of a linear combination of atomic orbitals (LCAO). The Hu¨ckel
molecular orbital method (HMO) demands severe approximations to make the
calculations tractable and is only applicable to planar conjugated molecules. No-
tably the nuclear coordinates are fixed and only the 2pz orbitals and their nearest
neighbour interactions are included in the model. The exclusion of σ orbitals is
∗In a small number of organic semiconductors there are sp hybridised carbon atoms (the
molecule therefore contains triple bonds). This is the case in polydiacetylene. Conceptually,
the origin of the energy gap is unchanged.
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justified since the electrons occupying them are tightly bound and in an orthogo-
nal plane to those in pi orbitals who therefore dominate the low-energy physics of
the molecule [27, 29]. Although this model is hence not strictly applicable to the
more complex molecules used as organic semiconductors, the insights it provides
and headline results it furnishes remain useful.
The superposition of two arbitrary wavefunctions, ψa and ψb, leads to two
states: a lower energy ψa + ψb state (constructive interference) and a higher
energy ψa − ψb state (destructive interference). For the superposition of two 2pz
orbitals, this leads to a bonding pi orbital and an antibonding pi∗ orbital [30]. The
bound states are occupied by electrons according to the Pauli exclusion principle.
The HMO method predicts that as increasing numbers of CRUs are added
to a polyacetylene chain, each contributing a 2pz orbital, the number of bonding
and antibonding states increases accordingly and the energy gap between HOMO
(Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular
Orbital) levels decreases (figure 1.4). In the idealised case of an infinitely long
polyacetylene chain, a continuum of filled pi and vacant pi∗ states is formed and
the energy gap tends to zero. However such an idealised long chain is unstable
against the emergence of bond length alterations. In the absence of equal bond
lengths, electrons no longer experience a uniform potential and their energy is
lowered, adequately compensating the increased elastic energy within the system.
The effect of this Peierls transition is to open an energy gap between filled and
vacant states, thereby effecting a profound change on the system which becomes
a semiconductor.
Other deviations from this ideal behaviour occur in the conjugated materi-
als typically used as organic semiconductors. To overlap, 2pz orbitals must be
directed parallel to each other in the same plane. The one dimensional delocal-
isation of pi electrons is thus limited by defects and torsion along the chain. At
twists greater than 30o to 40o from coplanarity there is insufficient 2pz overlap
to maintain the conjugated electronic structure [32]. For this reason, conjugated
polymers behave as chains of many finite conjugated segments, separated by con-
jugation breaks [33, 34]. The length between breaks varies along the polymer
which generates local fluctuations in the HOMO and LUMO levels, manifesting
itself in the absorption spectra of thin films as a broad peak. The mean distance
12
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Figure 1.4: The Hu¨ckel molecular orbital method helps predict the electronic
structure of a pi conjugated system. In the diagram, • represents a CH group. As
carbon atoms are added, each contributing a 2pz orbital, the number of pi - pi
∗
bonding - antibonding states increases. In the long chain limit a continuum of states
is formed. An energy gap is opened due to breaks in the one dimensional order of the
polymer. Part adapted from reference [31].
over which pi electrons delocalise is known as the conjugation length. Typically,
the conjugation length in poly(3-hexylthiophene), a material widely used in this
thesis, is of the order of 20 to 25 CRUs [34]. More generally, conjugation lengths
of 5 to 20 CRUs can be expected in conjugated polymers [35].
1.1.6 Charge carriers in pi-conjugated polymers
Charge carriers are introduced to semiconductors by chemical doping, photo-
generation or electrical injection. The periodic crystal structure of inorganic
semiconductors allows electrons and holes to freely delocalise into extended bands.
In contrast, adding electrons or holes to a conjugated polymer causes a local chain
distortion which localises the charge. The collective effect of the charged species
and the structural relaxation of the conjugated backbone is modelled as a quasi-
particle and termed a polaron∗ (or a bipolaron in the case of a doubly charged
species). Polarons have spin 1
2
(bipolarons are spinless) [35].
The chain relaxation associated with a polaron, which allows molecular or-
bitals to achieve a new minimum energy state, is the result of strong electron-
∗Uniquely in the case of trans-polyacetylene, the only conjugated polymer with a degenerate
ground state, a soliton is formed [36].
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phonon coupling [37]. Two new localised energy levels in the previously forbidden
gap between the HOMO and LUMO are created, arising from a local upward and
downward symmetrical shift of these levels respectively [38]. Positive and neg-
ative polarons are shown in figure 1.5. Distinctive optical transitions below the
absorption edge of the neutral molecule are therefore the experimental manifesta-
tion of polarons [39]. Photoinduced absorption (PiA) [40] and charge modulation
spectroscopy (CMS) [41] exploit this effect to study polarons, the latter in partic-
ular supplying evidence that the charge carriers in polymer field-effect transistors
are indeed polaronic in nature [39]. Since the HOMO and LOMO levels vary
along the polymer chain due to disorder induced conjugation breaks, so too do
the energy of polarons between different sites. In the most disordered systems,
the broadening may completely mask the new optical transitions.
HOMO
LUMO
(a) Positive polaron
HOMO
LUMO
(b) Negative polaron
Figure 1.5: Polaron states formed between HOMO and LUMO levels. Not all
possible transitions are allowed.
The details of charge transport will be discussed in 1.2.3. It is worth noting
here that interchain charge transport will evidently require a charge to migrate
from one chain to another (by hopping or some other mechanism) with the con-
temporaneous creation of a chain distortion at the accepting site and annihilation
of the distortion at the donating site [42].
The model of polarons described above is one dimensional: the localised charge
and associated distortion are confined to a single polymer chain. This is a rea-
sonable picture for many amorphous polymer semiconductors. In contrast, some
polymer semiconductors self organise during deposition into poly-crystalline thin
14
1.1 Organic semiconductors
films. In P3HT, a lamellae structure is developed with strong overlap between
the pi orbitals of adjacent chains. The appearance of optical transitions in the
CMS spectra of P3HT which are forbidden in the isolated chain case has been at-
tributed to the delocalisation of polarons over several neighbouring chains [41, 43].
The two dimensional, delocalised, character of polarons in P3HT has been con-
firmed by PiA and other spectroscopic techniques [44] and the reduced polaron
binding energy which results readily explains the high charge mobilites found in
this material.
1.1.6.1 Excitons
When a photon (possessing energy greater than the energy gap) is absorbed, an
electron is promoted from a pi orbital to a pi∗ orbital, leaving behind a hole. These
species relax to form polarons. The most likely result of this photoexcitation is the
creation of a singlet exciton∗: the negative polaron and positive polaron remain
on the same chain, bound by their mutual Coulomb attraction and associated
chain relaxation [45]. Excitons are electrically neutral and singlets have spin S =
0 (the electron and hole possessing opposite spin). Excitons are also created when
isolated positive and negative polarons capture each other. In this case they may
either form singlet or triplet excitons, the latter having spin S = 1. The com-
bination of an electron and hole which each have half integer spin yields three
combinations resulting in triplets, and only one combination generating a singlet
which is therefore proportionally less probable. By spin conservation, triplets are
unable to decay radiatively and therefore loose energy through phonons. This
presents a challenge for OLED fabrication, whose efficiency depends on the ra-
diative recombination of charges.
1.1.7 Absorption spectra
The optical properties of conjugated semiconductors are of crucial importance
to the efficiencies of OLED and OPV devices and are therefore the focus of
∗Photoexcitation does not always lead to exciton formation: the charges may separate
within the first few femtoseconds to form two isolated and oppositely charged polarons. The
likelihood of such an event is increased in the presence of an electric field.
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a considerable body of literature. This section provides a broad overview of
the topic necessary to understand the features of thin-film absorbance spectra
contained in this thesis.
The absorbance spectrum is often discussed in parallel with photoemission
since they both result from vibronic transitions between the molecule’s ground
state S0 and the first excited singlet state S1. (A vibronic transition is the port-
manteau given to transitions which involve changes in both electron and nuclear
(vibrational) states.) We are therefore interested in the probability amplitude of
a transition between two arbitrary states: an initial state |I〉 and a final |J〉. This
may be readily written as 〈I| µˆ |J〉 where µˆ is the dipole operator, the linear sum
of electronic and nuclear dipole moments, µˆ = µˆe + µˆN . As before, under the
Born-Oppenheimer approximation, the state |I〉 (and similarly for |J〉) may be
represented as |I〉 = |i;Q〉 |νi〉 where |i;Q〉 is an electronic state and |νi〉 an asso-
ciated nuclear state. Q is a normal nuclear coordinate. The transition is therefore
between electronic states i and j and between nuclear (vibrational) states ν and
υ. Evaluating, we obtain:
〈I| µˆ |J〉 = 〈i;Q| µˆe |j;Q〉 〈νi|υj〉+ 〈i;Q|j;Q〉 〈νi| µˆN |υj〉 (1.7)
= µi→j 〈νi|υj〉 (1.8)
since 〈i;Q|j;Q〉 = 0 as the wavefunctions are orthonormal and where µi→j =
〈i;Q| µˆe |j;Q〉, the electronic dipole moment. Thus, for a transition to occur,
there must be overlap between the nuclear wavefunctions and µi→j must be non
zero. These conditions stipulate that the initial and final wavefunctions have the
same spin but different symmetries [27].
The Frank-Condon principle arises from the same observation as the Born-
Oppenheimer approximation. Since electronic transitions occur on a much shorter
time scale than nuclear dynamics, the promotion or decay of an electron is most
likely to occur without change of the nuclear coordinate. Therefore the equilib-
rium value of Q in the initial state is used to evaluate the electronic dipole mo-
ment. The Frank-Condon principle further states that transistions are most likely
between states with the greatest wavefunction overlap, which is evident in equa-
tion 1.8. The intensity of transitions is proportional to the square of the dipole
16
1.1 Organic semiconductors
moments, so it is common to define the Frank-Condon factor as Fν→υ = 〈νi|υj〉2
which therefore weights each vibronic transition.
Typically, polymers at room temperature lie in the ground state’s lowest vi-
brational state. Therefore, the T = 0K limit of the Frank-Condon factor is a
good predictor of transition strengths from ground to excited states. The prob-
ability of a transition to the υth vibrational state is F0→υ =
exp(−S)Sυ
υ!
where S
is the Huang-Rhys parameter. If the equilibrium nuclear coordinates for ground
and excited states are similar, S tends to zero and the 0 → 0 transition becomes
highly probable. As the nuclear coordinates diverge, the transition to the nearest
vibrational state without change of Q dominates [27].
When an electron is promoted to an excited state through the absorption of
a photon it may relax non-radiatively to the 0th vibrational level of the excited
state. This process is known as internal conversion. Subsequently, it can emit a
photon and return to the ground state. In common with absorption, the Frank-
Condon principle predicts that the dominant emission transition will be to the
vibrational state for which Q does not change. The intensity of peaks in the
absorption and emission spectra therefore reflect the Frank-Condon factor for
that transition. Because the ground and excited states have similarly distributed
vibrational states, the absorption and emission are spectra are mirror images of
each other in the idealised case. The process of absorption and emission is shown
in figure 1.6.
There is an energy difference between the 0→ 0 absorption and 0→ 0 emission
shown in figure 1.6 called the Stokes shift. It is present to some degree in all
conjugated polymers. In thin films of P3HT, the Stokes shift is typically between
0.55eV and 0.90eV, with larger shifts present in films with lower regioregularity
[46]. The shift arises from local fluctuations in the HOMO and LUMO levels
caused by conjugation breaks. Whilst all sites in the material contribute to
absorption, the promoted electron will tend to relax to adjacent sites if they
have a greater conjugation length and hence a lower HOMO level. Therefore the
emission transitions are on average shifted to lower energies. More widely, the
distribution of HOMO and LUMO levels leads to broad spectral features.
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Figure 1.6: Absorption, relaxation (internal conversion) and emission of a photon in
a system with a non-zero Huang-Rhys parameter (i.e. Qi 6= Qj). The initial and final
adiabatic energy curves shown here would typically be the molecule’s ground state S0
and the first excited singlet state S1. The resulting absorption and emission spectra,
separated by a Stokes shift, are shown on the right. Part adapted from [27].
1.2 Organic field-effect transistors
The transistor is recognised as one of the most important inventions of the 20th
century and the 1956 Nobel Prize in physics honours the three Bell Labs re-
searchers who demonstrated the first working device. Transistors are active
components, widely used as power amplifiers, current switches and in ensem-
ble with other transistors as logic circuits. They belong to two broad families:
bipolar junction transistors (BJTs), which have fallen out of large scale use;
and field-effect transistors (FETs) to which the phenomenally successful metal-
oxide-semiconductor field-effect transistor (MOSFET) belongs. Organic field-
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effect transistors (OFETs) belong to a subset of the FET family: they use a
thin film transistor (TFT) architecture and are therefore accumulation rather
depletion mode devices.
The principle of the field-effect transistor was essentially described by Julius
Edgar Lilienfeld in 1930 when he patented a “method and apparatus for con-
trolling electric current” [47]. It wasn’t until the 1950s, with the development
of cleanrooms and photolithography, that practical inorganic FET devices were
achieved.
This section describes the architecture, operating characteristics and charge
transport models of OFETs. The role of the gate dielectric and thin film mi-
crostructure on device performance is discussed.
1.2.1 Device architectures
In the most basic scheme, FETs are capacitors in which one plate has been re-
placed by a semiconductor containing a conducting channel, of length L and width
W , between two ohmic contacts, the source and drain electrodes [48]. A voltage
applied to the opposite plate, the gate electrode, creates an electric field which
controls the shape and conductivity of the channel. The basic device structure
and electrical connections are shown in figure 1.7. A voltage Vg is applied to the
gate and a voltage Vd to the drain. The source electrode is grounded, so Vs = 0.
L
W
V
g
V
d
Insulator
Semiconductor
Drain
Gate
Source
V
s
Figure 1.7: Basic OFET structure and
electrical connection scheme.
It is common to use silicon wafers
as the substrate with a thermally
grown silicon dioxide layer acting as
the gate insulator. However, the sim-
ple and low thermal budget process-
ing of mechanically flexible thin-films
means that OFETs can be deposited
on a wide range of substrates: glass,
flexible plastics (polyimide, polyethy-
lene naphthalate (PEN), polyethylene
terephthalate (PET) and polycarbon-
ate), paper [49, 50] and metal fibres
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[51]. The versatility of substrates means that one can be chosen which is best
matched for the intended application and this will likely enable new device ap-
plications in very large area, disposable or wearable electronics. The organic
semiconductor may be a single crystal, small molecule or polymer and can be
deposited by evaporation, spin-coating, stamping or printing. Typical choices
for gate dielectrics are silicon dioxide or insulating polymers (which have the ad-
vantage of solution processability), such as poly(methyl methacrylate) (PMMA),
poly(2-hydroxyethyl methacrylate) (PHEMA) or polyvinyl acetate (PVA). More
recently, self-assembled monolayers have been demonstrated as gate dielectrics
[52], enabling low voltage (< 2V) device operation. Further comments about the
insulator are made in section 1.2.4. The choice of source and drain electrode
material is of crucial importance. Primarily, its workfunction must be matched
to inject either into the semiconductor’s LUMO or HOMO level depending on
the polarity of the desired charge carrier. Therefore high workfunction metals
like gold are used for p-type transport and low workfunction metals like calcium
for n-type transport. In ambipolar OFETs both p and n-type transport is de-
sired, so one electrode is used as a hole injector, the other as an electron injector.
There are other, secondary, considerations in choosing a material: there must
be good adhesion between the electrode and the surface on which it sits (gold
electrodes typically have a chromium foundation for this reason); and it should
be chosen to minimise undesirable reactions between itself and the semiconduc-
tor. Contacts can also be made with transparent conducting oxides like indium
tin oxide (ITO) or, in all plastic devices, conducting polymers such as poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-PSS) are used. Since
the gate electrode is a non-injecting contact, there is comparative flexibility in
choosing a material. A heavily doped region is employed as the gate in silicon
wafers; on other substrates an inexpensive metal like aluminium may be shadow
mask evaporated. For printing devices, metal nanoparticle inks have been devel-
oped. As with the source and drain electrodes, conducting polymers are used to
achieve an all plastic device.
Four configurations of the gate, source and drain electrodes are possible with
respect to the substrate and are shown in figure 1.8. Material choices will variously
require or enable different geometries to be used, yet devices made from the same
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Figure 1.8: Four OFET geometries are possible according to the arrangement of the
gate, source and drain electrodes relative to the substrate.
material system in alternate geometries can exhibit markedly different behaviour
[53]. The conducting channel in OFETs forms in the first few molecular layers at
the semiconductor-insulator interface [54–57] so this observation can be explained
by noting the position of the source and drain electrodes relative to the interface.
In geometries 1.8(a) and 1.8(b), termed staggered geometries, injected charges
may travel up to 100nm in a low conductivity region before entering the channel.
Conversely, charges in geometry 1.8(c) and 1.8(d), termed coplanar, are injected
at the interface directly into the highly conducting channel. Other agents are
certainly accomplices to this effect: the morphology of the crucial interface varies
according to the order in which the layers are processed and metals evaporated
directly on to the semiconductor are liable to introduce new trap states. In
top gate devices the insulator may act as a crude encapsulation layer against
water and oxygen ingress to the semiconductor, thereby reducing the degree of
unintentional doping in the bulk.
Exotic device geometries have been demonstrated, most notably vertical chan-
nel OFETs whose channel length is defined by an easily controlled film thickness
rather than photolithographic or shadow mask techniques [58]; and double gate
OFETs which show higher on/off ratios compared to single gate devices and
potentially allow the threshold voltage and off current to be tuned [59].
1.2.2 Operating principles
In this section we consider the operation of an OFET with a p-type semicon-
ductor, typical of the devices used in this thesis. By reversing the polarity of
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charge carriers and applied voltages, the behaviour of n-type OFETs is similarly
understood.
OFETs are switched between on and off states by creating and eliminating a
sheet of charge at the semiconductor-insulator interface. When no drain voltage
is applied (Vd = 0), an OFET is analogous to a metal-insulator-semiconductor
(MIS) device. Applying a voltage to the gate creates an electric field across the de-
vice which is dropped over the insulator and the region close to the semiconductor-
insulator interface. A quantity of charge VgCi per unit area is accumulated at the
interface, where Ci is the insulator capacitance per unit area. The charge density
is uniform along the length and width of the channel and decreases exponentially
with distance from the interface [60]. If Vg is negative, holes are accumulated; if
Vg is positive, electrons are accumulated. The additional charges are supplied by
the ohmic source and drain electrodes: the semiconductor now contains excess
charges from both unintentional doping and the field-effect (the later making the
largest contribution in a practical OFET) [61]. Thus, the density of charges in
the OFET’s conducting channel can be modulated. However, a portion of the
accumulated charges populate trap sites and are unavailable for charge transport.
A gate voltage greater than the threshold voltage Vth must be applied to accu-
mulate mobile charges, the density of which is therefore (Vg−Vth)Ci. The greater
the number of traps, the more the gate voltage is effectively reduced. An opposite
effect is observed if the semiconductor is so heavily doped that at Vg = 0V there
are mobile charges: for a p-type semiconductor, Vth is shifted such that a positive
gate voltage is required to repel holes from the interface.
Now, if a gate voltage larger than the threshold is applied at the same time
as a small drain voltage (Vd  (Vg − Vth)), then a drain current larger than
the bulk’s ohmic current will be drawn∗. This is the linear regime (figure 1.9
(a)): the charge density varies only slightly across the channel and Id is directly
proportional to Vd. The potential V (x) increases from V (0) = 0 at the source to
V (L) = Vd at the drain. Increasing the drain voltage further to Vd = (Vg − Vth)
changes the shape of the channel until it is “pinched-off” (figure 1.9 (b)): at
∗The bulk’s ohmic current is Id =
(
Wt
L
)
σVd where t is the semiconductor thickness and
σ is the conductivity at Vg = 0.
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the drain the local potential is V (L) = (Vg − Vth) so there are no mobile charge
carriers. Consequently a depletion region forms between the pinch-off point and
the drain, across which a space-charge-limited current Id,sat flows. At this drain
voltage, the drain current begins to saturate. Continuing to increase the drain
voltage shifts the pinch-off point towards the source electrode, thereby shortening
the channel, and the drain current reaches a maximum value of Id,sat: this is the
saturation regime (figure 1.9 (c)) [53, 61, 62].
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Figure 1.9: Operation of an organic field-effect transistor. (a) Operation as an MIS
diode. (b) Linear regime. (c). Saturation regime.
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1.2.2.1 Current-voltage characteristics
The current-voltage characteristics are derived under the gradual channel approx-
imation which asserts that the charge density in the channel is only a function
of the gate voltage. This is generally true since the electric field created by the
gate is much larger than that between the source and drain electrodes. It breaks
down for extremely small channel lengths (L < 1µm) at which the gate voltage
no longer determines the on or off state of the OFET as desired. In such cases,
to recover acceptable on/off behaviour, a constraint is placed on the dielectric
thickness d such that d
L
≤0.1 [63].
Above the threshold voltage, there are (Vg − Vth)Ci mobile charges per unit
area. Since the potential in the channel varies from V (0) = 0 at the source to
V (L) = Vd at the drain, the density of charge also varies in the channel:
Qmob(x) = (Vg − Vth − V (x))Ci (1.9)
An important figure of merit for transistors is the mobility µ: the ratio of
the charge carrier velocity to the applied electric field. It describes the ease with
which accumulated charge can move under the application of an electric field
F (x) between the source and the drain. The current density, j(x), is related to
the mobility according to:
j(x) = µQ(x)F (x) (1.10)
Thus the drain current is:
Id = WµQ(x)F (x) (1.11)
Substituting equation 1.9 into equation 1.11 and noting that the electric field
can be expressed as F (x) = dV
dx
the expression for Id becomes:
Iddx = Wµ(Vg − Vth − V (x))CidV (1.12)
Integrating from V (0) = 0 to V (L) = Vd yields an expression for the drain
current in the gradual channel approximation:
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Id =
W
L
µCi
(
(Vg − Vth)Vd − 1
2
V 2d
)
(1.13)
Equation 1.13 is usually recast in the limits of linear and saturated behaviour.
In the linear regime, Vd  Vg, so we may write:
Id =
W
L
µlinCi(Vg − Vth)Vd (1.14)
The drain current is therefore linear with respect to both the drain voltage
and the gate voltage in this regime.
Saturation occurs when Vd = (Vg−Vth) and the local potential at the pinch-off
point does not increase beyond this value. Ignoring channel shortening (∆L ∼ 0),
we have (substituting for Vd in equation 1.13):
Id,sat =
W
2L
µsatCi(Vg − Vth)2 (1.15)
In the saturation regime, we see that the square root of the drain current is
proportional to the gate voltage [53, 64].
1.2.3 Charge transport
Efforts at modelling and understanding charge transport in organic semiconduc-
tors broadly fall into two camps: molecular and macroscopic level approaches.
The former considers the electronic structure of individual molecules and their
interactions with a finite number of other molecules. Whilst this approach is
instructive about charge transfer between a small set of molecules, it is limited
at describing the charge transfer between many molecules which as an ensemble
generates macroscopic properties such as the mobility [65]. Since it is these prop-
erties which are of interest, an overview of the important macroscopic approaches
to charge transport in organic semiconductors are described in this section.
The models of charge transport developed for inorganic semiconductors such
as silicon and germanium take as their starting point the ideal 3D crystal lattice
structure of these materials. They predict high charge mobility in delocalised
energy bands [66]. As with other organic materials, organic semiconductors are
bonded together in solids by van der Waals forces which are substantially weaker
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than the covalent bonds found in inorganic semiconductors. Organic semicon-
ductors are therefore endowed with a desirable mechanical flexibility, but at the
expense of minimising the delocalisation of electronic wavefunctions across neigh-
bouring molecules [67]. In localising charge carriers, the Heisenberg Uncertainty
Principle demands a corresponding increase in ∆k, the uncertainty associated
with the wave vector k. k is therefore a poor quantum number, indicating that
the band theory of solids will not be readily applicable in organic semiconductors.
Charge transport in organic solids depends on both inter and intra molecular
processes. Transport along a molecule between conjugation breaks is typically effi-
cient, but transport between molecules is a function of the amplitude of electronic
transfer integrals between adjacent sites. The microstructure therefore strongly
influences the character and efficiency of charge transport [68]. We can accord-
ingly expect notable differences between highly ordered single crystals compared
to disordered amorphous films. Between these extremes lie the polycrystalline
materials which are used in this thesis.
A further complication arises in OFETs since charge transport occurs at the
semiconductor-insulator interface, rather than in the bulk, and the same model
may not be valid in both regions [69]. Charge density in the conducting channel
is typically several orders of magnitude greater than in, for instance, time of flight
(TOF) experiments which are frequently used to investigate transport. As the
intercharge distance is reduced at high charge densities, it may not be appropriate
to neglect polaron-polaron interactions. The choice of gate insulator is also known
to introduce electronic disorder at the interface, thereby affecting transport (see
section 1.2.4).
1.2.3.1 Band like transport
Advances in fabrication techniques have allowed single crystal OFETs to be made
with high purity and reproducibility in the last ten years [69]. Very high OFET
mobilites of up to 43cm2/Vs, have been achieved with single crystal rubrene
[70–74]. Single crystals of pentacene [75, 76], tetracene [77] and anthracene [78]
have also been used in devices. Beyond impressive mobilites, OFETs based on
these materials exhibit two related experimental signatures of band like transport:
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mobility is found to be independent of gate voltage and decreases with increasing
temperature. It is clear therefore that charge transport is limited by phonon
scattering and is not thermally activated. The very high degree of order and
low levels of impurities in these materials mean there are few conjugation breaks
and good overlap between the pi orbitals of adjacent molecules. Charge carriers
delocalise into extended HOMO and LUMO bands, equivalent to valence and
conduction bands, and high mobilites are the result. The mobility is limited by
scattering from thermally activated phonons, so cooling the device increases the
mobility further.
These observations and the model for transport they suggest are not replicated
in the majority of organic semiconductors which are significantly disordered, thus
precluding the possibility of band-like transport [79]. In most cases, including
for materials studied in this work, the mobility dependence with temperature is
reversed: as temperature is increased, so is the mobility. This strongly suggests
that transport is thermally activated in organic semiconductors other than single
crystals.
1.2.3.2 Polaron transport
Section 1.1.6 describes the polaronic nature of charge carriers in organic semi-
conductors. Charges are localised and cause a distortion of the molecule around
them; taken as an ensemble they are modelled as quasi-particles called polarons.
Charge transfer by hopping therefore is from a charged site with a distortion
around it to an undistorted neutral site. The physics of semiclassical Marcus
electron transfer theory [80, 81] provides an approximation for the polaron hop-
ping rate kET:
kET =
4pi2
h
1√
4pikBT
t2exp
(
− λ
4kBT
)
(1.16)
where T is temperature, λ is the reorganisation energy (the electron-phonon cou-
pling, estimated as twice the relaxation energy of a localised polaron) and t is the
transfer integral, reflecting the strength of the interaction between the two sites
[68]. For a fast hoping rate we therefore wish to maximise the transfer integral
and minimise the reorganisation energy.
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However, polaron-only models of charge transport are seldom used. To re-
produce observed phenomena they require the input of unjustifiably large values
for the polaron binding energy and transfer integrals [82]. Even without this
problem, disorder in most organic semiconductors masks the polaronic nature of
charges and must be included in the model. Two models which account for this
are the Ba¨ssler Disorder Model (section 1.2.3.6) and the Multiple Trapping and
Release model (1.2.3.7).
1.2.3.3 The Miller-Abrahams Hopping model
A model proposed by Miller and Abrahams in 1960 [83] to describe conduction
in lightly doped inorganic semiconductors at low temperatures, in which charge
transport occurs by carrier hopping between localised impurity sites, has been
used to predict the hopping rate of carriers in conjugated polymers. Hopping is
shorthand here for thermally activated quantum mechanical tunnelling between
the localised sites. In extending this model to conjugated polymers, it is assumed
that localised states along the polymer chain can be treated as the impurity
states of the Miller and Abrahams model and that the model is still valid at
room temperature. The hopping rate of carriers from an occupied state i to an
unoccupied state j is a function of the energy difference Ei − Ej, the distance
between the sites Rij and the temperature T :
υi→j = υ0 exp (−2γRij) exp
(−(Ei − Ej)
kBT
)
for Ei > Ej (1.17)
υi→j = υ0 exp (−2γRij) for Ei < Ej (1.18)
where υ0 is the attempt to hop frequency and γ is the inverse localisation length.
The first exponential term in equations 1.17 and 1.18 represents the tunnelling
probability between sites and as a result of its scaling with Rij restricts hopping
to nearest neighbours. The second exponential in 1.17 contains the temperature
dependence of the phonon density.
28
1.2 Organic field-effect transistors
The description of hopping rate by Miller and Abrahams forms the basis of
the charge transport models discussed below: the Variable Range Hopping model,
the Vissenberg-Matters model and the Ba¨ssler Disorder Model.
1.2.3.4 The Variable Range Hopping Model
Variable Range Hopping is a generalised from of the Miller-Abrahams Hopping
Model proposed by Mott [84] and commonly used to model transport in con-
jugated polymers. Mott reasoned that hops need not be confined to nearest-
neighbour sites: they could also be made over large distances but only if the
required activation energy is low. Similarly, short distance hops could be made
even if they required a large activation energy. VRH predicts a mobility relation-
ship of the form:
µ ∝ exp
(
−B
T
) 1
1 + n (1.19)
where B is a fitting parameter inversely proportional to the density of states at
the Fermi level and n is the dimensionality of the hopping process (n=1,2,3) [85].
1.2.3.5 Vissenberg-Matters model
Vissenberg and Matters have extended the variable range hopping (VRH) model
to the conducting channel of an OFET [86]. The central claim of the VRH
model (section 1.2.3.4) is that charges may hop over long distances with low
activation energy, or short distances even if it requires high activation energy.
Vissenberg and Matters noted that accumulated charges in an OFET fill deep
states initially, then as the gate voltage is increased, shallower states are filled.
Therefore each additional accumulated charge will require on average a smaller
activation energy to hop to neighbouring sites. Consequently, as the gate voltage
is increased, higher mobilities may be achieved. From this insight, and assuming
a half Gaussian distribution of states, they used percolation theory to derive an
expression for the mobility as a function of carrier concentration p:
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µFET =
σ0
e
(T0T )4 sin
(
pi T
T0
)
(2α)3BC

T0
T
p(
T0
T
−1) (1.20)
where σ0 is the (unknown) conductivity prefactor, and α is the effective overlap
parameter between localized states, and BC ∼= 2.8 is the critical number for onset
of percolation [39].
1.2.3.6 The Ba¨ssler Disorder Model
The Ba¨ssler Disorder Model also assumes Miller-Abrahams hopping, but intro-
duces both electronic and positional variance to model the effects of disorder in
realistic conjugated polymer systems [87]. Proposed in 1993, Ba¨ssler assumed
that:
1. Polaronic effects can be neglected.
2. Transport occurs by hopping between a regular array of sites according to
the Miller-Abrahams formalism (equations 1.17 and 1.18).
3. That there exists an energetic disorder in which the density of states (DOS)
of localised states can be approximated by a Gaussian function:
DOSGaussian =
Nt
(2piσDOS)2
exp
(
− 
2
2σ2DOS
)
(1.21)
where Nt is the total density of trap sites, σDOS is the width of the DOS
and the energy  is measured from the centre of the DOS.
4. That in addition to energetic disorder, there also exists a Gaussian posi-
tional disorder of variance Σ.
The choice of a Gaussian DOS is justified by noting that the effect of randomly
orientated permanent dipoles on the DOS function of an array of hopping sites
is indeed a Gaussian [88]. Using a Monte Carlo simulation, Ba¨ssler arrived at
a universal law relating the charge mobility, µ to the energetic and positional
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disorder in an organic system, as well as the magnitude of an applied electric
field E and the temperature T :
µ = µ0
[
−
(
2σ
3kBT
)2]
exp
{
C
[(
σ
kBT
)2
− Σ2
]√
E
}
(1.22)
where µ0 is the mobility in the limit of T →∞ and C is some empirical constant
determined by simulation. The field dependence of the mobility arises since the
barrier height for an energetically upward transistion in the field direction is
reduced. A notable feature of Ba¨ssler’s model is that the mobility follows a
logµ ∝ 1
T 2
relationship, rather than an Arrhenius relationship as expected by
analogy with the rate of chemical reactions.
1.2.3.7 Multiple Trapping and Release model
The Multiple Trapping and Release (MTR) model (occasionally, “Mobility Edge”
model) was developed to describe charge transport in amorphous silicon [89–91].
In the MTR model, charges move in a delocalised, high mobility, band (the mo-
bility edge) and interact with a half Gaussian tail of localised trap states located
in the energy gap close to the mobility edge. In this scheme, charges arriving at
a trap are instantaneously trapped with a probability close to unity and released
via a thermally activated process. Since the model does not specify the nature
of charge transport in the delocalised mobility edge, it does not preclude its use
to study polaronic transport in conjugated systems. This model of activation
to a transport band is therefore a conceptually different model to the preceding
ones which are based on hopping between localised states. Horowitz has been
a major proponent of the model’s utility and applied it to oligomers such as
alpha-conjugated sexithienyl [92] and sexithiophene [93]. It is also argued that
the MTR model is most appropriately applied to polycrystalline materials with
relatively long conjugation lengths and good pi-pi orbital overlap, such as P3HT
thin films [94] and poly(bis(alkylthienyl-bithiophene) [95].
The trap states which localise charges may be impurities, conjugation breaks
or disordered regions between crystallites [95]; through the latter two we see the
influence of microstructure. The effect of these traps on charge transport varies
with their depth and we can distinguish between deep and shallow traps. Traps
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Figure 1.10: Schematic of the multiple trapping and release model. Charges travel
along the mobility edge and interact with shallow trap states through a process of
multiple trapping and thermally activated release. Charges in deep traps are
unavailable for charge transport. The density of states of the traps is modelled as half
of a Gaussian. Part adapted from [96].
separated from the mobility edge by several kBT or more, deep traps, preclude the
possibility of thermally activated release. These are the traps which contribute
towards the threshold voltage: charges in them are unavailable for transport. In
contrast, shallow traps within a few kBT of the mobility edge are the subject
of the MTR model. Charges are trapped in them and subsequently thermally
released within a characteristic timescale τtr. We hence note that, at any given
time, a portion of the charges accumulated by the field-effect above the threshold
voltage occupy shallow traps and are temporarily unavailable for transport. This
portion is clearly a function of the trap distribution and sample temperature.
This leads to an effective charge density neff:
neff = n
τ(T )
τ(T ) + τtr(T )
(1.23)
where τ(T ) is the characteristic time a charge (polaron) travels on the mobility
edge. Two regimes are evident in equation 1.23. If τ(T )  τtr(T ), the high
mobility of the mobility edge dominates, a case most likely in pure single crystals.
Conversely, if τ(T )  τtr(T ) trapping and release dominates and the observed
mobility is significantly decreased compared to the mobility edge [69]. This is the
expected regime for polycrystalline organic semiconductors.
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This leads to an overall mobility µFET related to the mobility µ0 at the mobility
edge of:
µFET = µ0α exp
(
− Et
kBT
)
(1.24)
where Et is the mean difference between the energy of the mobility edge and the
trap and α is the ratio of the effective density of states at the mobility edge to
the concentration of traps. Thus it is predicted that the mobility will follow an
Arrhenius dependence with temperature [93].
1.2.4 The gate insulator
It is the capacitive effect of the gate insulator which creates a conducting channel
in OFETs. The value of Ci, the insulator capacitance per unit area, is a function
of the dielectric constant εr and thickness d according to Ci = εrε0
A
d
where ε0 is
the vacuum permittivity and A is a unit area. We see therefore that the choice
of insulator (εr) and its dimension (d) affect how much charge is accumulated
for a given gate voltage, thereby linking these macroscopic parameters to OFET
performance. However, the choice of gate insulator is crucial too in less obvious
ways.
The conducting channel forms in the first few molecular layers at the semi-
conductor insulator interface. Particularly in bottom gate devices where the
semiconductor is deposited on top of the insulator, the crucial morphology of the
interface is strongly influenced by the insulator. (The microstructure of the bulk
is also likely to be affected). For example, this in part explains the different x-ray
diffraction (XRD) signals obtained from films of P3HT spin coated on silicon
dioxide [34] and titanium dioxide [97].
Veres et al. [98] have shown that the impact of insulator choice extends be-
yond morphology. Polarisation effects resulting from randomly orientated dipoles
in the insulator enhance charge localisation and increase energetic disorder in the
organic semiconductor, thereby degrading the mobility [98]. The authors stud-
ied the polar effects of different insulators in the range εr = 2 → 18 and found
that FET mobility increased with decreasing εr. For εr < 2.5 the FET mobility
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increase was particularly marked. A common poly(triarylamine) (PTAA) semi-
conductor was used. To exclude morphological effects, Veres et al. measured the
temperature dependence of the FET mobility in devices with two low εr insulators
and PMMA (εr = 3.8). Fitting this data to the Ba¨ssler Disorder Model (section
1.2.3.6) allowed the width, σ, of the Gaussian DOS to be extracted. For reference,
the energetic disorder of a pristine PTAA thin film (in the absence of an insula-
tor) was calculated from time of flight (TOF) measurements to be σ = 0.057eV.
The presence of even a low εr insulator raised the disorder to σ = 0.068eV; with
PMMA the disorder increased further to σ = 0.090eV. Larger DOS widths in-
dicate deeper traps and greater charge localisation since on average each charge
will require greater activation energy to make a hop. Accordingly, the more polar
an insulator (higher εr) the more static disorder is induced in the semiconductor
and the mobility is correspondingly reduced.
Figure 1.11: Formation of a Fro¨hlich polaron. a) A random array of dipoles on the
insulator side of the semiconductor-insulator interface in an OFET. b) A hole in the
OFET conducting channel on the semiconductor side of the interface causes a
polarisation of the dipoles on the insulator side. The interaction between the hole and
the dipoles is a Fro¨hlich polaron. As the hole moves, so too does the induced
polarisation. Apapted from reference [99]
The same relationship is reported by Hulea et al. in rubrene single crystal
OFETs, for insulators in the range εr = 1→ 25 [100]. Notably, the temperature
dependence of the mobility revealed band-like transport for very low εr whereas
it showed thermally activated transport for higher εr. To explain these results
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the authors invoked the concept of a Fro¨hlich polaron: a quasi-particle which de-
scribes the Coulomb interaction between an electron or hole at the semiconductor-
insulator interface with dipoles in the insulator (figure 1.11). As the charge carrier
moves along the conducting channel on the semiconductor side of the interface,
the induced polarisation on the insulator side moves with it [99]. For insulators
with higher εr the the Fro¨hlich polaron is more highly localised and thus the
mobility decreases. The transition between band-like and hopping transport oc-
curs when the Fro¨hlich polaron is so strongly localised that the polaron radius
becomes comparable to the lattice spacing.
The observations of Veres et al and Hulea et al. point to the use of low
εr insulators for the fabrication of high mobility OFETs. There is however a
drawback to this approach: low εr insulators have low capacitance, which in turn
leads to increased operating voltages. Veres et al. propose an elegant solution:
since charge localisation due to highly polar insulators is an interface effect, it
is possible to construct a high mobility, low operating voltage OFET using a
double layer insulator. The double layer is constructed of a low εr insulator in
contact with the semiconductor to reduce induced electronic disorder and a high
εr insulator provides higher gate capacitance.
1.2.5 Source and drain contacts
Source and drain contacts inject and remove charge carriers from the semiconduc-
tor and therefore play a central role in OFET operation. In deriving equations
for the current-voltage characteristics of OFETs we assumed that the contacts
are ohmic: the resistance encountered by carriers transferring from electrode to
semiconductor (and visa versa) is negligible compared to the resistance of the
channel. The source and drain resistances are usually summed into a total con-
tact resistance RC, placed in series with the channel resistance RChannel to make a
simple OFET model. For ohmic contacts we require that RC  RChannel. Because
RChannel scales linearly with the channel length L, a material system which is ac-
ceptable for long channel lengths may not be ohmic when L is reduced. Similarly,
the basic function of an OFET is to decrease RChannel with increasing magnitude
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of Vg: in high voltage regimes a given material system may no longer provide
ohmic contacts [39].
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Figure 1.12: Metal-organic interface (a) without and (b) with a dipole at the
interface. IP is the semiconductor’s ionisation potential; EA is the electron affinity;
ϕm is the metal work function; Evac, ELUMO and EHOMO are the vacuum, LUMO and
HOMO energy levels respectively; Ef is the Fermi energy level; and φh is the barrier
to hole injection.
To minimise RC, the workfunction of the electrodes should be closely matched
to either the HOMO or LUMO level of the semiconductor. When they are not
matched, charges experience a potential barrier which limits charge injection. In-
voking a Mott-Schottky scheme as in figure 1.12(a), the magnitude of the barrier
for hole injection φh is the metal work function ϕm less the semiconductor ionisa-
tion potential IP (the barrier for electron injection φe is the electron affinity EA
less the metal work function).
In practice, a dipole ∆ typically appears at metal-organic interfaces, as in
figure 1.12(b), which shifts the vacuum level of the semiconductor relative to the
metal [101, 102]. Evidently, depending on the direction of the dipole, the barrier
to charge injection may be lowered or increased. Therefore, considerable attention
has focused on methods to tune the dipole to achieve an optimal energy level
match. Self-assembled monolayers (SAMs) are regularly used for this purpose
[103, 104].
The most intuitive method to determine the contact resistance is by measuring
the total resistance RT of several OFETs with different channel lengths (but equal
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widths) on the same substrate. By extrapolating a graph of RT against L back
to L = 0 one can eliminate the channel resistance. This assumes that there are
no other sources of resistance. In device architectures where electrodes are not
located at the semiconductor-insulator interface there is an additional channel
access resistance from transport through the bulk. In the extrapolation method
this would appear as a contribution towards RC. More advanced methods which
allow the RC to be measured are the gated four-probe technique and Kelvin probe
force microscopy [39].
The process of charge injection is considered to be a combination of thermally
assisted hopping (thermionic emission) and tunnelling (field emission) of charge
carriers from the delocalised states in the metal to the localised states of the or-
ganic semiconductor [39, 105]. Since carriers may tunnel across the interface, the
requirement for energy level matching for ohmic contacts is effectively loosened.
As a rule of thumb, material systems with a potential barrier of φe,h ≤ 0.3eV are
likely to be ohmic [106].
1.2.6 Thin film microstructure and OFET performance
An important theme within this thesis is the relationship between thin film mi-
crostructure and OFET performance. It is well established that molecular or-
dering in organic semiconductors influences properties of the material such as
mobility and this effect is convincingly demonstrated by Dimitrakopoulos et al.
[107, 108]. Pentacene films of varying levels of molecular order were grown by
controlling the substrate temperature during deposition. In the case of highly
disordered films, the material is practically insulating with a mobility of less
than 10−8cm2/Vs. In contrast, the highly ordered films (x-ray diffraction mea-
surements indicating a single (001) crystal phase) have a mobility of 0.6cm2/Vs.
Between the two extremes of ordering, with a mixture of crystal and amorphous
phases, an intermediary mobility of 10−5cm2/Vs was observed, confirming the
strong relationship between ordering and charge transport efficiency.
The microstructure of different organic semiconductors clearly depends on the
material itself: as we have seen, small molecules are most likely to form crystals
whilst polymers form either polycrystalline or amorphous thin films. However, as
37
1.3 Printing organic electronic devices
in the example above, the microstructure and degree of order for a given material
also varies strongly with processing conditions. This can cause problematic inter-
sample variations, but also provides a range of processing options to improve the
thin film microstructure: solvent choice [109], choice of thin film fabrication tech-
nique [110], substrate temperature [107, 108], substrate surface treatment [111],
thermal annealing [112, 113] and solvent vapour annealing [114, 115]. How the
microstructure of poly(3-hexylthiophene) is influenced by molecular and process-
ing parameters is discussed in section 1.4.
There are three classes of experimental tools for characterising thin film mi-
crostructure and morphology used in this thesis: optical spectroscopy, x-ray scat-
tering techniques and scanning probe microscopy [116]. Taken together, these
tools build a picture of the semiconductor microstructure and their use in this
thesis is described in Chapter 3. There are other powerful tools such polarization
spectroscopy and ellipsometry which are not used in this thesis.
1.3 Printing organic electronic devices
1.3.1 Overview: motivation and requirements
Johannes Gutenberg is believed to have thought highly of his 15th century me-
chanical printing press. Even so, it is unlikely that he conceived it would be
considered one of the most important inventions of the last millennium. The
family of printing techniques developed since have shown themselves to be phe-
nomenally successful at depositing thin films of soluble materials on to diverse
substrates, over large areas, with high throughput and at low cost. Given that
most organic semiconductors are readily soluble (or can be made so through the
addition of a suitable functional group), it is not surprising that considerable
attention has been directed towards the realisation of printed plastic electronics.
The premise of printed plastic electronics is that entire devices, not just the
semiconductor, may be deposited by printing and built into complex applications
in a roll-to-roll process. It is envisaged, for example, that displays (combining
OFETs and OLEDs), basic logic circuits (OFETs) and radio frequency identifica-
tion (RFID) tags may be fabricated by printing. In a more ambitious scheme, a
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hybrid process of graphical and plastic electronic printing would enable manufac-
turers to embed an RFID product tag directly on to their packaging in a unified
production line. Printed plastic electronics therefore requires a complete set of
solution processable materials encompassing not just semiconductors, but also
conductors, insulators and encapsulation layers [117]. Because printing inherently
enables patterning, it also extends plastic electronics. Conventional deposition
techniques, such as spin coating, typically cover the entire substrate with a film.
Unless patterned surface treatments are used, this precludes the possibility of
fabricating RGB pixels or ambipolar OFETs in which different organic semicon-
ductors are deposited close to each other. Printing makes this possible without
the need for pre-treated substrates [20]. Spin coating is also limited because it
cannot be scaled up to large area fabrication.
Adapting printing techniques from the graphical art community poses some
challenges. Feature sizes below 100µm are not readily appreciable by the human
eye, so there has been no motivation to improve resolution beyond this limit.
For plastic electronics, feature sizes at least an order of magnitude smaller are
desirable to allow close packing and small internal device features. The challenge
therefore is to successfully reduce printed feature size without compromising the
low cost and high volume processability which attracted interest in the first in-
stance. It is possible to produce a satisfactory printed graphic built up as an
array of ink dots, which may not even overlap. The requirements of plastic elec-
tronics clearly demand continuous thin films of uniform thickness for good charge
transport. The printed films should also be smooth and defect free, placing fur-
ther stringent demands on the printing technique [118]. Particularly for OFETs,
a further stipulation is the ability to accurately print multiple patterned layers
with respect to each other. This is not just to enable high density applications but
also to reduce parasitic capacitances or device failure resulting from poor vertical
alignment [117]. Finally, some of the tricks used to improve printing quality in
the graphical art community may not be transferable to printed electronics. In
particular, the widespread use of additives to control the rheological properties
of inks is unsuitable since the performance of organic electronics is powerfully
degraded by impurities [118]. The rheological properties required of solutions
are different for each printing technique: notably high viscosity is required for
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flexography, in comparison a less viscous solution is required for gravure printing
and a very dilute solution is required for inkjet printing. Therefore, a further
challenge arises since it cannot be assumed that a material and solvent set which
works well for spincoating will work equally well in the different viscosity regimes
mandated by each technique [119].
1.3.2 Printing techniques for plastic electronics
The basic trade-off in printing is between feature size and throughput. Figure
1.13 shows how five common printing techniques compare. Printing techniques
are often classed as either sheet or mass (roll-to-roll) approaches. In figure 1.13,
inkjet and screen printing are sheet techniques, characterised by low throughput.
Offset, gravure and flexography printing are mass printing approaches, charac-
terised by high throughput at the expense of precision. There are examples in
the literature of all these techniques being used to print OFETs and that work is
briefly summarised in this section.
1 1 0 1 0 00 . 1
1
1 0
1 0 0
Thr
oug
hpu
t [m
2 /s]
F e a t u r e  S i z e  [ µm ]
I n k  j e t
O f f s e t
G r a v u r e
S c r e e n
F l e x o g r a p h y
Figure 1.13: Feature size against throughput for five common printing techniques.
Data from references [117, 120].
Although the techniques are described here in isolation, it is unlikely that one
single technique will be optimal for depositing every layer in a device. Therefore
a hybrid process combining several printing techniques is likely to be used in
future production of devices. The work of Huebler et al. [121] who fabricated a
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seven-stage ring oscillator using offset, gravure and flexographic printing points
towards this approach. Similarly, Tobjo¨rk et al. [122] used inkjet printing to
pattern electrodes because of its high lateral resolution and reverse gravure to
deposit the semiconductor and insulator because of the homogeneity of thin films
achievable with this technique. Thus a sheet and a mass printing technique were
combined to fabricate a fully printed organic hygroscopic insulator field effect
transistor (HIFET).
1.3.2.1 Screen printing
Screen printing is a type of stencil printing: ink is pushed through a fine, pat-
terned mesh in contact with the substrate to register an image [123]. This method
typically leads to thick films (in the micrometre range) of low resolution, limiting
its use as a printing technique for OFETs to just a few examples [124–126].
1.3.2.2 Inkjet printing
Inkjet printing has been extensively investigated as an OFET printing method.
Its low throughput is adequately compensated by high precision patterning and
low cost equipment. Inkjet printers build up a pattern by expelling tiny ink
droplets from an orifice as it is moved in two dimensions approximately 1mm
above the substrate [120]. The droplets, with a volume typically in the picolitre
range, follow a ballistic trajectory on to the substrate. Several methods exist to
quickly expel such tiny droplets from an ink reservoir, but they are all based on
a common premise of creating a pressure pulse to force a tiny volume of ink into
the nozzle. In plastic electronics, piezoelectric materials (which rapidly expand
in the reservoir on application of an electric field) are typically used to create the
pulse. Since ink is only expeled when the field is applied, this method is known
as piezo drop-on-demand inkjet printing. The method usually favoured in con-
sumer inkjet printers - using a miniature heating element to vaporise the ink and
create a bubble, thereby rapidly increasing reservoir pressure - is not suitable for
organic semiconductors which are sensitive to thermal cycling. Feature sizes of
5µm are achievable by inkjet printing [117] which therefore readily lends itself as
a technique to printing OFETs. The absence of a mask or printing plate in the
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process also endows inkjet printing with a greater flexibility for rapid prototyping
and considerable cost saving compared to other techniques. Notable examples of
fully printed inkjet OFETs are those by Subramanian et al. [127, 128] and Sirring-
haus et al. [129]. These works demonstrate the impressive device performance
of inkjet printed OFETs: on/off ratios of 105 and mobilities of 0.1cm2/Vs are
reported. Entrenching inkjet as the highest precision printing method has been
the development of a self-alignment process which has extended inkjet printing
resolution to the sub-micron range, enabling channel lengths of between 100nm
and 400nm to be patterned [130, 131]. By decreasing the channel length, Sele et
al. [130] achieved an OFET switching speed two orders of magnitude faster than
previous work. This points to self-aligned inkjet printing as the method of choice
for the miniaturisation of plastic electronic devices. Despite the success of inkjet
printing, it is not suited to all OFET fabrication applications. It is an inherently
low throughput, batch (sheet) based process which limits its use in roll-to-roll
manufacturing. Although not a fundamental limitation, the delicate nozzles used
in inkjet printing can be degraded by the solvents used in plastic electronics.
1.3.2.3 Offset printing
Offset printing is a high throughput technique widely used in commercial printing
settings such as magazine and newspaper production. Ink is bought into contact
with a printing plate patterned with ink-accepting and ink-repellent regions. Ex-
cess ink is removed and the printing plate is pressed against a substrate [123]. It
has not been used to fully print an OFET, but has been used to deposit source
and drain electrodes [121, 132].
1.3.2.4 Flexography
Flexography is an extremely high throughput printing technique, widely used to
print books, magazines and packaging. It is a form of relief printing and uses a
flexible printing plate, comprised of protruding ink accepting regions, to deposit
ink when bought into contact with the substrate. It has not been used to fully
print an OFET, but has been used to deposit an insulator layer [121] and by Yan
et al. [119] to deposit a semiconductor. Yan et al. found that the flexography
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printed semiconductor had a lower surface roughness than when it was inkjet
printed, but both showed acceptable OFET characteristics. Flexography has
also been used to print polyaniline source and drain electrodes [133], but the
technique’s low resolution imposed a minimum channel length of 100µm which is
too large for use in applications requiring fast switching. The choice of solvents is
limited in flexography by compatibility with the soft printing plate which restricts
its use across the full set of plastic electronics materials [134].
1.3.2.5 Gravure printing
Gravure printing is a well established high throughput technique, widely used in
the packaging industry and for high volume print runs of magazines and other me-
dia [123]. The process of contact gravure printing used in this thesis is illustrated
in figure 1.14. The printing pattern is defined by an array of smal tetrahedrall
cells (typical dimensions 50µm to 100µm) on the surface of a printing plate. The
pattern is flooded with ink to fill the cells and the excess is removed by a doctor
blade as the printing plate is moved. The substrate is mounted on a rotating
cylinder synchronised to the motion of the printing plate. The two are bought
into contact (figure 1.14(a)) and, if the surface energy and wetting behaviour of
the substrate is more favourable than the printing plate, ink is transferred to the
substrate. To make a continuous thin film, adjacent ink droplets must coalesce on
the substrate (figure 1.14(b)). This process depends critically on the rheological
properties of the ink, the surface energy of the substrate and the evaporation
rate of the solvent (figure 1.14(c)). If these parameters are correctly chosen a
smooth thin film is formed on the substrate (figure 1.14(d)). Since the substrate
is curved around the rotating cylinder, gravure printing demands that substrates
be flexible.
One of the first reports of gravure printing applied to the fabrication of organic
electronic devices was in 2006 by Tuomikoski et al. [135] who printed hole injection
and light-emitting polymer films to form an OLED. Their results underline the
importance of tuning the rheological properties of the ink to allow coalescence of
adjacent ink droplets to form a smooth film. However this must be balanced by
the need to avoid ink spreading beyond neighbouring drops which would degrade
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Figure 1.14: Contact gravure printing schematic. A doctor blade ensures an even
distribution of ink in the cells and removes excess from non-printing area. The
substrate is mounted on the rotating cylinder which is (a) bought into contact with
the printing plate for ink transfer. (b) Adjacent drops must coalesce before (c) solvent
evaporation so that (d) a smooth film is formed.
the resolution of the printed pattern. They also note that the main control of
film thickness is the density of cells on the printing plate. To increase the density
of cells, each individual cell is made smaller and the quantity of ink delivered to
the substrate is thus reduced. However, cell density also controls the resolution
so a balance must be made between these two parameters.
In 2007 Huebler et al. [121] published details of the first OFET in which both
the semiconductor and insulator had been gravure printed. Since then there have
been further reports of OFETs with a gravure printed semiconductor [126], with a
gravure printed insulator [136] and with both semiconductor and insulator layers
gravure printed [119, 122, 137–139]. More recently in 2010, Voigt et al. [140]
reported sequentially gravure printed semiconductor, insulator and gate layers
with pre-patterned source and drain electrodes on a flexible substrate. Later in
2010, Hambsch et al. [141] reported the first OFET entirely fabricated by gravure
printing. Exploiting the high throughput of the technique they printed 50,000
transistors with a yield of 75%.
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The work of Yan et al. [119] is significant because it is the only instance
in the literature of gravure printing an n-channel polymer semiconductor, an
important step towards a printed polymer complementary logic circuit. Their
study compared the deposition of the semiconductor by inkjet, flexography and
gravure printing (a spin coated polymer insulator and evaporated gold contacts
completed the OFET). They found that gravure printed semiconductor films had
a similar r.m.s. roughness to spin coated films, whilst flexography and inkjet
printed films were rougher. The smoothness of the gravure printed films mirrors
other literature reports of good film quality using this technique. However, each
printing method demands different rheological properties but the authors do not
describe their ink optimisation procedure so the comparison may not be fair. They
demonstrate a promising result of an OFET with a gravure printed semiconductor
and insulator, poly(methyl methacrylate) (PMMA), with sharp turn on, electron
mobility of 0.1 - 0.65cm2/Vs and on/off ratio of 106. Notably this represents a
slight device performance improvement compared to when just the semiconductor
was gravure printed. In that case electron mobilities were in the range 0.1 -
0.2cm2/Vs. The authors ascribe this to a good interface quality between the two
gravure printed films.
Verilhac et al. [126] studied thin films of the amorphous triarylamine copoly-
mer semiconductor deposited by spin coating, screen printing and gravure print-
ing. They found that film thickness decreased linearly as the density of cells on the
gravure printing plate was increased, in line with the observations of Tuomikoski
et al. [135]. The authors tuned each technique to deposit a film of thickness
100nm. Of the three deposition techniques, gravure printed films (r.m.s. rough-
ness 1.4nm) were markedly smoother according to AFM measurements than spin
coated or screen printed films (r.m.s. roughness ∼5nm). However, the authors do
not propose a mechanism to explain this. Bottom contact / top gate OFETs were
fabricated using these films. Given the importance of a smooth semiconductor-
insulator interface to charge transport, it would be expected that the gravure
printed films would have the highest mobility. Remarkably, the saturation mobil-
ity of devices fabricated by all techniques grouped at ∼0.03cm2/Vs. The authors
attribute the process independence of transistor performance to the amorphous
nature of the semiconductor since the microstructure cannot vary significantly.
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“A roll with a couple of hundred metres” of OFETs was fabricated by Hamb-
sch et al. [141] in the first demonstration of fully gravure printed transistors.
This represents an impressive scaling up of OFET fabrication. Their work de-
scribes a necessary compromise they made to assemble a set of materials with
good gravure printing behaviour. Their first choice insulator, a proprietary
butylene copolymer, was chosen for having εr = 2.2 to achieve higher mobil-
ity. Whilst it was readily deposited by spin coating, the authors could not op-
timise its printing behaviour to form a homogenous film. They therefore used
PMMA, despite its higher permittivity. A novel alignment technique was used
to ensure geometric overlap of the gate and the channel. Rows of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) source and drain
electrodes (L=100µm) were printed at 45o to the printing direction in a repeat-
ing pattern. After deposition of the semiconductor and insulator, the gate and
source and drain contact pads were printed, requiring only transverse alignment
to complete a row of OFETs. Methods, such as this, of facile feature alignment
are a necessary precondition to scaling up printing to mass production. The
OFETs were found to have typical on/off ratios of 102 and mobility ∼ 0.0007
cm2/Vs, although there was variation along the printed roll. The mobility is a
factor of two smaller compared than spin coated devices using the same material
system. In this case, the authors attribute the mobility degradation to a poorer
semiconductor-insulator interface formed by gravure printing (in contrast to the
observations of Yan et al. [119] where the reverse was found).
Despite these advances, there has been little discussion of ink formulations
for gravure printing and the dynamic processes occurring during film drying.
Chung et al. [142] fabricated state of the art OLEDs with gravure contact printed
hole injection and light emitting layers. They present a systematic study of
PEDOT:PSS inks to understand why some formulations are suitable for printing
whilst others are not (even if it may be possible to spin coat a film of acceptable
quality). The context for this investigation is the surface tension of the ink and
the surface energy wetting envelope of the substrate. Oxygen plasma treatment
was used to extend the wetting envelope of the substrate whilst solvent blends
and additives were used to move the ink within it (pristine PEDOT:PSS in water
lay outside even after plasma treatment). However, even within the envelope,
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homogenous films could not always be printed. For instance, a formulation of
PEDOT:PSS mixed with ethylene glycol (Bp=197.3
oC) (5:1 ratio by volume)
produced non uniform films even though it lies within the wetting envelope. The
authors argued that the Marangoni effect resulting from the mixture of high and
low boiling point solvents would tend to pull the solute inwards during film drying,
resulting in an uneven film. They therefore chose a lower boiling point solvent,
isopropyl alcohol (IPA) (Bp=82.4
oC), blended in the same ratio and achieved
uniform film coverage. They found good printing behaviour with other solvents
of similar boiling point. The lower boiling point solvents are believed to result
in Marangoni forces which favour spreading and act against aggregation during
film formation, leading to smoother films.
A numerical model of liquid transfer in gravure offset printing was simulated
by Huang et al. [143]. Of interest for contact gravure printing is the model
of ink transfer between a trapezoidal cavity and a substrate. The process lasts
approximately 90µs and is found to occur in three distinct phases as the substrate
is lifted upwards (at 0.1m/s) away from the plate. Initially almost all of the ink
is pulled upwards. As the substrate continues to rise, the ink is increasingly
stretched out between the substrate and cell and the diameter of the ink strand
connecting the two decreases rapidly. Eventually the strand breaks, leaving a
droplet of ink on the plate and the rest of the ink is returned to an equilibrium
in the cell. A striking result of the simulation is that very little of the ink, only
∼10%, is actually transferred to the plate. Furthermore, increasing the depth
of the cell (and therefore the volume of ink it contains) has only a negligible
effect on the volume transferred to the plate. The results of this simulation are
useful for better understanding the dynamic processes occurring during printing.
However its application to gravure contact printing is imperfect since it simulates
a closely related but nonetheless dissimilar technique. In gravure contact printing
the substrate is curved and moves horizontally as well as vertically relative to the
cells which is likely to influence the dynamics.
Michels et al. [144] offer an opposite approach to understanding printing be-
haviour by training an artificial neural network (ANN) to predict morphological
properties of a gravure printed semiconducting polymer based on process condi-
tions. This is a “black-box” approach, but is widely used in manufacturing to
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estimate how changes in a production parameter will affect the output. The ANN
was designed to predict the relationship between three inputs: the gravure cell
depth, the printing speed and the semiconductor solution concentration and three
output parameters: the mean film thickness, the r.m.s. roughness and the film
anisotropy. The authors printed a series of films with different input parameters
and measured the resulting output to train the ANN. A separate set of input and
output results were used to validate it. The ANN is thus able to predict output
values as input values are varied. For instance, it predicts that r.m.s. roughness
decreases with increasing cell depth which the authors claims is “indicative of a
difficulty in the levelling of the printed dots at low cell engraving depths”. Unsur-
prisingly, it was found that film thickness increased with polymer concentration
although not linearly. Below 27mg/mL the thickness only weakly depends on
concentration. Above this, increasing the concentration markedly increased the
thickness. In contrast to Huang et al. [143], they found that increasing cell depth
correspondingly increased film thickness, implying that a greater volume of ink
was transferred. This difference is perhaps explained by a more general argument
made by the authors. They claim that two dimensional simulations of ink transfer
(such as Huang et al. [143]) are useful for understanding the transfer dynamics,
but are too simplified to explain large area properties like film thickness.
The literature is therefore mixed. Increasing numbers of research groups are
demonstrating gravure printed OFETs, often with device performance equal or
superior to spin coating. Hambsch et al. [141] in particular demonstrate the
applicability of gravure printing to mass production of OFETs. However there
is little consensus on important topics around film formation. Even the issue,
crucial to OFET operation, of whether the semiconductor-insulator interface is
improved by gravure printing instead of spin coating is not clear.
1.4 Poly(3-hexylthiophene)
Poly(3-hexylthiophene) (P3HT) is a conjugated polymer, widely used in this
thesis and more generally as a model system within organic electronics. Interest
stems from its ready availability, solubility in many organic solvents and excellent
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behaviour as a p-type semiconductor. It is often employed as the active material
in OFETs and blended with an n-type semiconductor in OPVs.
Figure 1.15 shows the three configurations which result when the asymmetric
CRU, 3-hexylthiophene, is coupled to a second CRU at the 2- and 5- positions.
The first is 2,2’ coupling, known as head-to-head (HH) coupling; the second is 2,5’
coupling or head-to-tail (HT); and the third is 5,5’ coupling or tail-to-tail (TT).
HT coupling is preferred for efficient stacking of neighbouring chains in thin films
[145] so a quantity called regioregularity (RR) is defined as the percentage of
HT coupling in a sample. Highly regioregular P3HT can be synthesised by two
routes developed in the early 1990s: the McCullough method [146] and the Rieke
method [147].
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Figure 1.15: The three regioisomers of poly(3-hexylthiophene): head-to-head (HH)
coupling, head-to-tail (HT) coupling and tail-to-tail (TT) coupling. R=C6H13.
Energy gap values for P3HT vary, as with all conjugated polymers, between
batches and on the specific microstructure of a sample. Typically the energy gap
is around 2.2eV, separating a HOMO level at 4.9eV and LUMO level at 2.7eV
[110]. Cyclic voltammetry or optical spectroscopy can be used to obtain values
for a given sample.
Solution cast P3HT crystallises to form polycrystalline films containing do-
mains of ordered lamellas formed by interchain stacking [34, 148]. The lamellas
may be thought of as quasi 2D sheets of layered conducting polythiophene back-
bones separated by interdigitated insulating hexyl chains. Figure 1.16 shows
common dimensions of the orthorhombic unit cell typically chosen [149, 150] to
model the crystallographic properties of P3HT lamella. Although some references
are found in the literature to unit cell dimensions of P3HT and other polymers,
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in this thesis the following nomenclature is used. The distance along a-axis is the
interchain distance d(100), and the distance along the b-axis is the interlamella
distance d(010). The intention of this nomenclature is to make a clear distinction
with the highly ordered unit cells of inorganic semiconductors.
The extent and degree of order within P3HT films is known to vary with
molecular parameters and processing conditions. Since the microstructure and
charge transport are intimately linked, optimising the former is of crucial impor-
tance for the fabrication of high mobility OFETs. Moreover, understating why
the microstructure varies offers insights into the processes governing the forma-
tion of conjugated polymer thin films. This section reviews how regioregularity,
molecular weight, solvent choice, thermal annealing and deposition method influ-
ence the microstructure.
16.7Å
3.8Å8.3Å
a-axis
b-axisc-axis
Figure 1.16: Highly regioregular P3HT chains stack into ordered lamella normal to
the substrate and in this case pi-pi overlap occurs in the plane parallel to the
substrate. The crystallographic axes are shown along with typical lengths of the
orthorhombic unit cell used to describe P3HT. Note that in this thesis the distance
along a-axis is the interchain distance d(100), and the distance along the b-axis is the
interlamella distance d(010).
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1.4.1 Influence of regioregularity
The period and orientation of lamella stacking is profoundly affected by regioreg-
ularity. Sirringhaus et al. [34] used grazing-incidence X-ray diffraction to study
thin films spin coated from P3HT batches with low (81%) and high (>91%) de-
grees of regioregularity. Lamellas in high RR films were found to orient normal
to the substrate, whilst they orientated parallel to the substrate in films with
low RR. The resulting switch of pi-pi overlap direction from parallel to normal
with respect the substrate (high RR to low RR films respectively) led to a dra-
matic field-effect mobility difference. OFETs probe charge transport parallel to
the substrate so the high RR film in which pi-pi overlap was optimally directed
had a mobility of 0.1cm2/Vs, whilst in the low RR film mobility was degraded to
0.0004cm2/Vs.
Amongst the highly regioregular batches which adopt a lamella orientation
normal to the substrate, the degree of regioregularity still controls structural
parameters. Kim et al. [151] computed the energy-minimised molecular structures
of P3HT with RR of 90% and 100% and found that the interlamella separation
along the b-axis in figure 1.16 was greater for RR of 90% than for RR of 100%.
Therefore pi-pi overlap is decreased with decreasing RR which can be expected
in turn to decrease the efficiency of charge transport. Highly regioregular films
are known to be required for polaronic excitations to develop a 2D character
[44], likely because only when lamella are sufficiently closely packed can such
interchain phenomena occur.
1.4.2 Influence of molecular weight
The mobility of P3HT OFETs is extremely sensitive to molecular weight (MW):
increasing MW by one order of magnitude has been shown to increase the mo-
bility by four orders of magnitude [152]. This observation and a counterintuitive
enhanced crystallinity, as evidenced by X-ray diffraction, for lower MW films has
been widely reproduced [153–155]. However, two contrasting explanations for the
effect have been advanced by Kline et al. [152, 155] and Zen et al. [153, 154].
Kline et al. [152] recorded a field-effect mobility increase from 1.7x10−6 to
9.4x10−3cm2/Vs when MW was increased from 3.2 to 36.5g/mol in eleven steps
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(each batch had RR >98%). A substantial film morphology change between the
two extremes of MW was revealed by AFM imaging: 3.2kg/mol films adopted
a well defined rod-like structure whilst 36.5kg/mol films had an isotropic nodule
structure. X-ray diffraction measurements displayed a notably stronger (100)
signal for low MW films than for high MW films. This pointed towards a higher
degree of crystallinity in low MW films, a surprising result since greater ordering
would be expected to lead to higher mobility. Kline et al. reasoned that the
many grain boundaries evident in AFM images of low MW films would act to
impede charge transport, whereas in high MW films which had less defined regions
of crystalline order, charges would be required to cross fewer boundaries and
longer chains may act as pathways to connect crystalline domains. Similar film
morphology and MW dependence has also been reported by Verilhac et al. [156]
for spin coated devices.
The dependence on MW of mobility, film morphology and (100) X-ray diffrac-
tion signal strength observed by Kline et al. was reproduced by Zen et al. [153].
However, they additionally considered the results on thermally annealed films
of different MW. AFM and X-ray studies all showed greater ordering in these
samples compared to their as-prepared counterparts and the field-effect mobility
was typically raised too in annealed films. Zen et al. contended that this contra-
dicts the grain boundary limited model of Kline et al. in which greater order and
therefore larger number of boundaries would decrease mobility. Instead they ar-
gued from absorption spectra measurements that polymer chains in low MW films
adopt a twisted and disordered conformation which limits charge transport. The
strong (100) signal for low MW films is they believe the result of only a minority
of crystalline regions in an otherwise amorphous matrix. This claim is supported
by transmission electron microscopy (TEM) measurements which indeed identify
crystalline phases embedded in an amorphous region [154]. They also found that
mobility decreases with temperature, opposite to that which would be expected
if mobility is limited by thermally assisted hops across grain boundaries. Kline
et al. [155] however cast doubt on the Zen et al. interpretation and have offered
further evidence in favour of grain boundary limited transport. In particular they
distinguish between morphological changes which lead to different mobilities at a
given MW (by annealing, changing the casting solvent or deposition method) and
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the changes which occur as the MW is varied. To investigate whether chain con-
formation could be responsible for the relationship they used grazing incidence
x-ray scattering (GIXS) to probe the in-plane pi-stacking distance (interlamella
separation along the b-axis in figure 1.16). Conformation and torsion along the
chain would be expected to increase it as close packing is restricted, but they
found it only varied by 1.6% across the MW range, with no clear trend so this
cannot explain the dramatic variation of mobility. (In contrast, at a given MW
films with smaller in-plane pi-stacking were indeed of higher mobility). They also
investigated the temperature dependence of mobility below room temperature
which showed thermally activated behaviour consistent with grain boundary lim-
ited transport. Kline et al. believe that the temperature dependence of mobility
reported by Zen et al. is unreliable since it was performed above room tempera-
ture so morphology changes are likely to confuse the analysis.
There are therefore two models of film structure which explain the observed
mobility dependence on MW. Charge transport in the Kline et al. model is grain
boundary hopping limited. At low MW where the film has a rod-like structure
and many grain boundaries, charge transport is restricted. At high MW the film
adopts a nodular structure and charges encounter fewer boundaries. The Zen et
al. model contends that charge transport is limited by chain conformations and
amorphous regions. In low MW films, only a minority of the film is crystalline
and the rest is amorphous, slowing charge transport. Higher MW films contain
small, partially ordered domains through which charge transport is more efficient.
1.4.3 Influence of solvent choice
It has been long recognised that spin coating regioregular P3HT from different
solvents results in different field-effect mobilities [157]. Chang et al. [109] cor-
related the effect to the solvent boiling point (bp.) and proposed a model in
which slowly evaporating high bp. solvents allow films to achieve a greater degree
of order by self-organisation. Low boiling point solvents, in contrast, evaporate
quickly at the spin speeds used to prepare thin films and this obviates the pos-
sibility of crystallisation. Switching the solvent from chloroform (bp. 61oC) to
trichlorobenzene (bp. 218oC) increased the mobility from 0.012 to 0.12cm2/Vs.
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X-ray diffraction showed that lamella in both films were normal to the substrate,
but that the degree of crystallinity was much reduced in chloroform films. The
morphology apparent by AFM imaging was also conspicuously different for the
two films: chloroform films had a granular structure without any evidence of
crystalline regions whilst trichlorobenzene films formed well defined nanoribbons
with a length of several micrometers. In this case, greater crystallinity and order
appears to be responsible for higher mobilities. Optical spectroscopy of field-
induced charge in OFETs supports this claim. Polarons in trichlorobenzene films
had an interchain character - which requires good pi-pi overlap and enables more
efficient charge transport - but were confined to single chains in chloroform films.
1.4.4 Influence of thermal annealing
Thermal annealing of P3HT in an inert atmosphere is well known to have a ben-
eficial effect on the performance of P3HT OFETs. Cho et al. [113] demonstrated
that the field-effect mobility of dip coated P3HT is increased by annealing for
ten minutes at any temperature in the range 30oC to 150oC with larger increases
at higher temperatures. However, above 150oC a sharp performance drop is ob-
served and the field-effect mobility of a film annealed at 160oC is less than the
as-prepared value. Ten minutes was found to be the optimum annealing time:
less than this and further mobility enhancement could be obtained, more than
this and the mobility began to degrade. The authors correlated this trend to
AFM measurements of film morphology. The as-prepared film had a well defined
nanoribbon morphology with crystalline grains of 20-35nm. Films annealed below
150oC preserve this morphology and developed increasingly large grain sizes, up
to 30-40nm when annealed at 150oC. Above 150oC the nanoribbons disintegrated
and a granular morphology developed instead. This offers further evidence that
nanoribbons are responsible for high mobility charge transport in P3HT.
Mattis et al. [158] found slightly different temperature limits for P3HT an-
nealing than Cho et al. [113]. Three regimes were identified. Annealing up to
60oC improved mobility, but left the on/off ratio unchanged. At moderate tem-
peratures, 60-120oC, the mobility was degraded with increasing temperature but
the on/off ratio was markedly improved. Above this, both mobility and on/off
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ratio were degraded. X-ray diffraction studies of films showed that annealing irre-
versibly altered interlamella and interchain spacing parameters (in the direction
of the b-axis and a-axis respectively in figure 1.16). The interlamella distance
was reduced continuously with temperature from its as-prepared value of 3.785
to 3.760A˚ when annealed at 140oC. In contrast, the temperature behaviour of
the interchain distance was more complex. Below 80oC it increased from 16.05
to 16.50A˚ but above this temperature the distance was reduced until it recov-
ered the as-prepared value at 140oC. The correlation of interlamella spacing with
mobility is not easily explained: as it decreases the degree of pi-pi overlap in the
direction of charge transport increases and with it, so too should the mobility.
However the mobility is maximised at 60oC when the interlamella spacing is still
close to its as-prepare value. Mattis et al. believe that the increased interchain
spacing seen at low temperature anneals, which accordingly reduces the density
of the film, may decrease scattering events thereby raising mobility. Above 70oC
when both interlamella and interchain spacing are reduced, the densification of
the lattice raises the probability of scattering and the mobility decreases. In the
sense that this suggests that more crystalline films may not have higher mobility,
this observation appears to support the model of Kline et al. [152, 155], although
the authors themselves do not make this link.
Morphological enhancements are only one aspect explaining why thermal an-
nealing improves OFET performance. Mattis et al. [158] additionally showed
that annealing expels oxygen which is known to create trap sites within the en-
ergy gap. Rutherford backscattering spectrometry (RBS) allowed the authors to
infer oxygen concentration in films as a function of annealing temperature. Low
temperature anneals removed a correspondingly small quantity of oxygen whilst
annealing above 120oC reduced the concentration to below detectable levels. This
mirrored a trend for enhanced on/off ratios with greater annealing temperature,
which were maximised at 120oC. No data is given for the behaviour of on and off
currents, although it is likely that the increased on/off ratio arises almost entirely
from a reduced off current as the conductivity of films is lowered when oxygen is
removed.
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1.4.5 Influence of deposition method
Surin et al. [110] compared P3HT films spin coated, dip coated and drop cast from
three different solvents (chloroform, p-xylene and trichlorobenzene). The mobility
of spin coated devices followed the trend described in section 1.4.3: high boiling
point solvents lead to films with higher mobility. Interestingly they observed
an opposite trend for dip coating and drop casting: mobility was highest with
chloroform. AFM was used to examine the morphology of films. As expected, spin
coated films had a granular structure when spun from chloroform and contained
well defined nanoribbons when spun from the higher boiling point p-xylene. The
reverse was true for dip coated and drop cast films: chloroform films possessed
nanoribbons and p-xylene films were granular. Here we see a clear relationship
between film morphology and mobility. Surin et al. explained this trend by noting
that in dip coating and drop casting, other processes such as deweeting could
occur during the long evaporation times of higher boiling point solvents, thus
decreasing or destroying the film ordering. In contrast, spin coating is a relatively
rapid process in which the spreading and thinning of the film accelerates solvent
evaporation, so low boiling point solvents evaporate before crystallisation can
occur.
1.4.6 Summary
The literature is in agreement about trends influencing the field-effect mobility
of P3HT films. Charge mobility is improved by choosing highly regioregular and
high molecular weight P3HT, high boiling point solvents (for spin coating) and
by thermally annealing in nitrogen. Yet there exists disagreement about exactly
how the film morphology and microstructure influence charge transport. On one
hand, Kline et al. [152, 155] contend that transport is limited by grain barrier
hopping. Films with an isotropic, granular appearance therefore present fewer
barriers to transport and have high mobilities in this model. On the other hand,
Zen et al. [153, 154], Surin et al. [110] and Cho et al. [113] explain their results
with a model in which transport is limited by amorphous regions. Films with well
defined nanoribbons and high crystallinity therefore allow high mobility charge
transport in this scheme.
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Chapter 2
Materials and experimental
techniques
This chapter describes the materials, device fabrication methods and
experimental techniques used in this thesis.
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2.1.1 Poly(3-hexylthiophene)
The organic semiconductor chiefly used in this work is poly(3-hexylthiophene)
(P3HT). A detailed review of its properties and how molecular and processing
conditions influence the microstructure of thin films can be found in section 1.4.
Six different batches of P3HT were used. In Chapter 4, P3HT of five different
molecular weights was used to find the optimum molecular weight for gravure
printing. In subsequent chapters, P3HT from a single batch was used for repro-
ducibility. The specifications of these batches are shown in table 2.1.
Table 2.1: P3HT batches used in this thesis. Molecular weights were determined by
the suppliers using gel permeation chromatography (GPC) against a polystyrene
standard. RR = Regioregularity.
Mw [kg/mol] Mn [kg/mol] RR Chapter(s)
1 25.3 12.8 95.4% 4
2 32.0 18.0 93% 4
3 32.5 16.25 93% 4
4 34.5 18.65 - 4
5 158.0 56.0 - 4
6 31.4 18.0 94.7% 5, 6, 7
All P3HT batches were provided by Merck and used as received. Solutions
were prepared in ambient at concentrations of 20 to 50mg/ml for spin coating
and gravure printing. Mixing was encouraged by stirring with a magnetic bar
and moderate heat (∼ 50o C) for at least three hours. Solutions were stored in
the dark.
2.1.2 Copper Phthalocyanine
Copper phthalocyanine (CuPc) is a highly planar and symmetric conjugated small
molecule (figure 2.1), first developed as a brilliant blue pigment for dyes and
paints. Its low toxicity meant that it was widely used as the colouring for blue
stripes in toothpaste. More recently, the high degree of charge delocalisation
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and environmental stability of CuPc has made it an attractive material for the
fabrication of p-channel OFETs [159–161].
Figure 2.1: Chemical structure
of copper phthalocyanine.
Vacuum evaporated CuPc forms polycrys-
talline films in which CuPc molecules orient
normal to the substrate, meaning that pi-pi
overlap is optimally directed for charge trans-
port in OFETs. The distance between the
plane of copper atoms in one layer and the next
has been determined by X-ray diffraction to be
12.9A˚ [162]. Hole mobilities of 4x10−3cm2/Vs
and an on/off ratio of 104 have been recorded
in devices fabricated by vacuum evaporation of
CuPc on to room temperature and untreated
Si/SiO2 substrates. Elevating the substrate
temperature to 125oC during evaporation has
been found to enhance the crystallinity and or-
dering within the film [162], in turn raising the
field-effect mobility by an order of magnitude [159]. The HOMO level of CuPc is
reported to be between 5.0 and 5.1eV [163, 164] (with an energy gap of 1.7eV),
therefore we can expect gold to make an ohmic contact for p-channel devices.
In section 6.1, an attempt is made to fabricate OFETs based on a single crystal
needle of CuPc. Needles were grown by Verena Giese at the University of Florida.
Initially, the CuPc source material was purified three times by thermal gradient
sublimation in vacuum. The needles were then grown by horizontal physical
vapour transport in a stream of argon gas according to a method described by
Laudise et al. [165]. After preparation, the needles were stored in a nitrogen
atmosphere until use.
2.1.3 Solvents
A range of solvents which dissolve P3HT were used to prepare solutions and for
solvent vapour treatment of thin films (table 2.2). The motivations for choos-
ing particular solvents are discussed in more detail in the results sections where
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they are used. An overriding concern however was to span a large array of boiling
points given the importance of evaporation time to forming an ordered microstruc-
ture (section 1.4.3).
Table 2.2: Abbreviations and boiling points of solvents used in this thesis. SVT
indicates that a solvent was used for solvent vapour treatment. Unless marked,
solvents were supplied by Sigma Aldrich. Other suppliers: (†) = Analar, (♦) = Alfa
Aesar.
Name Abbreviation Boiling Point
[oC]
Purity Use
n-pentane Pentan 36.1 98% Solution
Dichloromethane - 39.6 99.8% SVT
Chloroform - 61.2 99.9% Solution, SVT
Methylbenzene Toluene 111 >98% SVT
Chlorobenzene (†) - 131 >98% Solution
2,3-Dihydro-1H-indene Indan 176 >98% Solution
1,2-Dichlorobenzene (♦) Dichlorobenzene 180 98% Solution, SVT
1,2,3,4-Tetrahydronaphthalene THN 206-208 99% Solution
1,2,4-Trichlorobenzene Trichlorobenzene 214 >98% Solution
2.1.4 Gate Insulators
Two transistor geometries were used in this thesis. Bottom gate, bottom con-
tact OFETs were fabricated on Si/SiO2 substrates, so the insulator was always
SiO2 in this geometry. The consistent quality of the insulator and simplicity of
device fabrication in this scheme meant that these substrates were well suited
to establishing a semiconductor’s “baseline” performance. The majority of tran-
sistors were in the top gate, bottom contact geometry with a solution processed
polymer insulator. This geometry places a requirement on the insulator that it
must dissolve in an orthogonal solvent which does not damage or swell the under-
lying P3HT layer during deposition. Poly(methyl methacrylate) (PMMA) and
poly(2-hydroxyethyl methacrylate) (PHEMA) were chosen since they dissolve in
2-butanone (MEK) and propan-2-ol (IPA) respectively, neither of which dissolve
P3HT. A thermally crosslinkable PHEMA (x-PHEMA), developed in house by
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the Department of Chemistry at Imperial College London, was used as a robust
gate insulator in gravure printed devices. It was made by blending PHEMA
with the crosslinker poly(melamine-co-formaldehyde) in n-butanol, IPA or triflu-
oroethanol at concentrations up to 40% by volume. The dielectric constant and
chemical structure of gate insulators used in this thesis are tabulated in table 2.3.
Table 2.3: Gate insulators properties. The quoted dielectric constants are either (‡)
accepted literature values or (§) determined by impedance spectroscopy in the range
10 to 106Hz.
Name Abbreviation Dielectric
Constant εr
Chemical
Structure
Supplier
Silicon dioxide SiO2 3.9 (‡) Fraunhofer
IPMS
Poly(methyl methacrylate) PMMA 3.6 (‡) GoodFellow
Poly(2-hydroxyethyl methacrylate) PHEMA 7.8 (§) GoodFellow
Crosslinkable PHEMA x-PHEMA 5.4 (§) Imperial
College
London
After deposition, either by spin coating or gravure printing, insulators were
baked (below their glass transition temperature) in a nitrogen atmosphere to
remove residual solvent. PMMA layers were baked at 80oC and PHEMA at
100oC for 30 minutes. Thermal crosslinking of x-PHEMA was accomplished in
a three stage process: one hour baking in nitrogen at 80oC, then one hour at
100oC, and finally two hours at 120oC. The thermal budget for crosslinking was
therefore considerably more substantial than simple solvent expulsion and can be
expected to have influenced the microstructure of the underlying P3HT layer.
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2.2 Sample Preparation
All solutions were prepared in a class 1000 cleanroom environment (ISO 6 equiva-
lent) and unless stated, sample preparation was either performed in the cleanroom
or in a nitrogen atmosphere (MBRAUN MB20G glovebox, typical moisture lev-
els <3ppm and oxygen <0.1ppm). Gravure printing was performed in a fume
cupboard in ambient.
2.2.1 Substrates and cleaning
Dust particles are large compared to the typical feature sizes and layer thickness
of organic electronic devices. Sample cleanliness is therefore crucial to achieve
high quality and reproducible characteristics. Specific cleaning protocols were
used for different substrate types, but all were based on the following protocol
for glass substrates:
1. Sonicate substrates for ten minutes in acetone.
2. Dry with nitrogen gun.
3. Sonicate substrates for ten minutes in IPA.
4. Dry with nitrogen gun.
5. Ozone treat in an Emitech K1050X Plasma Asher at 80W for three minutes.
Si/SiO2 substrates with pre-patterned gold source and drain electrodes were
sonicated twice for 15 minutes in acetone before commencing the cleaning protocol
to remove a photoresist layer left over from manufacturing. Flexible polyethersul-
fone (PES) substrates were cleaned as above, except without rinsing in acetone
as this was found to make the substrate brittle and ozone treatment was at 30W
for 30 seconds to avoid degrading the substrate.
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2.2.2 Spin coating
Spin coating is a standard technique to develop thin films. A controlled volume of
solution (typically 70 to 100µl) was pipetted on to each substrate before spinning,
with care taken to ensure that no air bubbles were introduced into the solution.
Rapid substrate rotation causes the solution to spread radially outwards, forcing
solvent evaporation and leaving a thin film. The film thickness is proportional
to the solution concentration, inversely proportional to the angular velocity of
rotation and only very weakly a function of the volume initially placed on the
substrate. Flexible plastic substrates could not be placed directly on to the spin
coater chuck. Therefore, they were mounted on to glass microscope slides (cut to
size and cleaned with a nitrogen gun to remove glass dust before use) by exploiting
the surface tension of a small drop of chloroform sandwiched between the slide
and substrate. A new slide was used for each plastic substrate.
2.2.3 Gravure printing
The commercially available Labratester 1 test printer (figure 2.2(a)), manufac-
tured by Norbert Schla¨fli Maschinen, was used for gravure contact printing. It
is a bench-top machine able to print at a range of speeds and pressures used
primarily for prototyping of printing inks in the foil, paper and flexible packaging
industries. The geometry of the Labratester 1 is optimised for rapid prototyping
and is the inverse of conventional roll-to-roll gravure, since the printing pattern
is engraved on a plate and the substrate is attached to a cylinder. The basic
gravure printing scheme is shown in figure 1.14 and described in section 1.3.2.5.
OFETs were printed on flexible PES substrates with photolithographically
pre-patterned ITO source and drain electrodes, supplied by ASULAB. Substrates
were approximately 10cm × 10cm and were patterned with six rows of 21 sets
of interdigitated source and drain electrodes, with channel lengths of either 30 or
50µm. A set of copper printing plates were manufactured by Norbert Schla¨fli-
Maschinen with appropriate patterns to sequentially print the semiconductor,
insulator and gate lines. The semiconductor plate was designed to print an ar-
ray of 1mm × 2mm rectangles centred on every transistor site defined on the
substrate. The insulator plate was designed to simply print a large rectangle,
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(a) Labratester 1 gravure printer. Image
source: Norbert Schla¨fli Maschinen.
(b) Micrograph of the engraved portion of a
gravure plate with 210 lines/cm showing lateral
cell dimensions. Along the 1000µm line there are
21 cells. Micrograph and measurements by M.
Voigt
Figure 2.2: Labratester 1 printer and 210 lines/cm printing plate.
covering all transistors. The gate printing plate had 0.5mm wide drive lines con-
nected to 0.8mm × 3mm rectangular gates. Since the Labratester 1 does not
have any specific pattern alignment mechanisms, the designs were deliberately
large to reduce alignment problems.
A printing speed of 40m/min was used for all printing in this thesis. This
represented the maximum speed achievable with a Labratester 1 printer and was
chosen because, in part, the aim of this work was to demonstrate gravure as a
high throughput fabrication technique. Film thickness was primarily controlled
by varying the density of cells on the printing plate (measured in lines of cells
per cm). A semiconductor film thickness of 100nm and an insulator thickness
of 500nm was desired. Preliminary investigations pointed to the use of printing
plates with 210, 110 and 160 lines/cm to print the semiconductor, insulator and
gate respectively. A micrograph of the 210 lines/cm plate is shown in figure
2.2(b). Cells had a pyramidal structure and a depth of about 25 µm.
2.2.4 Metal evaporation
Aluminium gate electrodes were evaporated under high vacuum (10−6 mbar)
through a shadow mask. The initial rate of evaporation was kept low (<0.05A˚/s)
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to prevent aluminium atoms penetrating the insulator layer and potentially cre-
ating a short through the device (evident as a high leakage current in OFETs).
Once a 10nm layer had been evaporated, the rate was increased (typical maxi-
mum rate of 0.25A˚/s) to minimise the amount of time samples were exposed to
heat.
2.2.5 Photolithography
ITO source and drain electrodes were photolithographically patterned on glass
substrates to compare the performance of OFETs on flexible and rigid substrates.
Glass substrates with a 170nm layer of un-patterned ITO were cleaned according
to the protocol in 2.2.1. Because the outline of any dust or marks remaining on the
substrates would alter the pattern transferred by photolithography, a thorough
inspection of samples was made. Cleaning was repeated for samples which had
not been satisfactorily cleaned. The photoresist, S1813 (MicroChem), was spun
at 6000rpm for 30 seconds and baked at 110oC for ten minutes in ambient to
expel residual solvent. A Karl Suss Mask Aligner was used to make a ten second
exposure of the photoresist to UV light through a quartz photomask. The pattern
was developed by rinsing in MF319 (MicroChem) for 30 seconds and immediately
transferring to a deionised water stop bath. The pattern was etched for 25 minutes
in 24% hydrochloric acid (HCl). Finally, the samples were thoroughly washed in
deionised water and then rinsed in acetone to remove the photoresist. Substrates
were cleaned again before use.
2.3 Transistor characterisation
OFETs were characterised in a nitrogen atmosphere using an Agilent 4156C Preci-
sion Semiconductor Parameter Analyser. Separate source, drain and gate probes,
enabled simultaneous voltage application and current measurement at all three
electrodes. The OFET characterisation procedures used in this work follow the
IEEE standard for OFET test methods [166].
Transfer and output characteristics are the minimum data sets required to
analyse an OFET. From transfer characteristics (drain current against gate volt-
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age at various constant drain voltages), the on/off ratio, threshold voltage and
field-effect mobility can be extracted. The output characteristics (drain current
against drain voltage at various constant gate voltages) are used to determine
channel conductance and whether the device exhibits OFET-like behaviour. Ex-
ample output characteristics for an OFET with P3HT active layer and PMMA
gate insulator are shown in figure 2.3(a). There is a clear transition between
linear and saturation behaviour as the drain current is increased. The channel
conductance, gd, is equal to the gradient of the output curve in the limit Vd → 0.
Its calculation in this thesis was performed at Vd = −2V and figure 2.3(b) how
the gd increases with gate voltage.
(a) Output characteristics showing clear satura-
tion of the drain current.
(b) Channel conductance as a function of gate
voltage.
Figure 2.3: Example output and channel conductance characteristics for an OFET
with P3HT active layer and PMMA insulator.
The range of these measurements was chosen to show the device clearly switch-
ing between “off” and “on” states in the linear and saturation regimes, but with-
out placing the device under electrical stress likely to damage it. Measurement
scans were swept in forward (“off”→ “on”) and reverse (“on”→ “off”) directions
to detect hysteresis, a usually undesirable memory effect found in some OFETs.
A small degree of hysteresis is present in the example transfer characteristics
shown in figure 2.4(a). During measurement of transfer and output character-
istics, the gate current Ig was recorded to monitor current leakage through the
insulator. For a practical OFET, we require Id
Ig
> 10.
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The on/off ratio was computed from the transfer characteristics. Ion and Ioff
were measured for gate voltages where the device was clearly “on” and “off”
respectively (figure 2.4(a)). Because the gate voltage for which the “on” and
“off” states are defined clearly effects the result, comparisons are always made
with on/off ratios defined in the same way.
Figure 2.4(b) shows a transfer curve in the saturated regime and a lin-lin
plot of the square root of the drain current,
√
Id, against gate voltage. By in-
spection of equation 1.15 we see that
√
Id is linearly proportional to the gate
voltage and that extrapolating the graph to
√
Id = 0 yields the threshold volt-
age. However the transfer curve shows a rapid drain current increase at a different
voltage, termed the turn on voltage Vo. The disparity arises because the threshold
voltage is a concept defined as the onset of strong inversion in inorganic metal-
oxide-semiconductor field-effect transistors (MOSFETs). Since OFETs operate
in accumulation, the applicability of the concept here is not perfect [167]. The
turn on voltage will be used in this thesis as it can be directly ascribed to a
physical phenomenon occurring in OFETs.
(a) Transfer characteristics showing a schematic
calculation of the on/off ratio between Vg = −5V
and Vg = −45V.
(b) Extraction of the threshold voltage Vth and turn
on voltage Vo from transfer characteristics.
Figure 2.4: Example transfer characteristics and parameter extraction for an OFET
with P3HT active layer and PMMA insulator.
The field-effect mobility was extracted from the transfer characteristics. In
section 1.2.2.1, expressions for the linear and saturation drain current were derived
(equations 1.14 and 1.15 respectively). They may be re-arranged in terms of the
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linear and saturated mobility. Taking the partial differential of equation 1.14
with gate voltage (at fixed drain voltage) and re-arranging for the linear mobility
we have:
µlin =
L
WCiVd
(
∂Id
∂Vg
)
(2.1)
Similarly, taking the square root of equation 1.15, then the partial differential
with gate voltage and re-arranging for the saturated mobility we have:
µsat =
2L
WCi
(
∂
√
Id,sat
∂Vg
)2
(2.2)
The values of the differentials in equations 2.1 and 2.2 were calculated from
the transfer data according to a finite difference method of the form:
dy
dx
∣∣∣∣
x=xi
=
1
2
[(
yi − yi-1
xi − xi-1
)
+
(
yi+1 − yi
xi+1 − xi
)]
(2.3)
2.4 Impedance spectroscopy
Impedance spectroscopy was used to determine the dielectric constant of insu-
lators and the interface trap density of metal-insulator-semiconductor devices.
All measurements were performed with a SI 1260 Schlumberger impedance/gain
phase analyser, controlled via a GPIB bus using a LabView program, in a ni-
trogen atmosphere. Connections were made with coaxial cables of the shortest
possible length to reduce parasitic capacitances. An equal length of cable was
used to connect the input and output from the device under test so as not to
introduce a phase delay.
The analyser applies a small alternating bias of angular frequency ω across the
device and returns the complex impedance. The complex impedance Z is the sum
of the resistance R and reactance X according to Z = R + jX where j2 = −1.
Assuming that the reactance is purely capacitive (no inductive reactance) then
the capacitance C is:
C(ω) =
−1
ωX
(2.4)
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Typically a 0.1V alternating bias was used. The analyser may also place a
constant bias across the device to measure the capacitance-voltage response. To
asses the extent to which capacitance varied with frequency, the impedance was
recorded at minimum in the range 10Hz to 106Hz in increments of 100.1Hz.
2.5 Optical microscopy
A Zeiss Axioplan microscope was used to examine the surface of films and check
alignment of the channel and gate in OFETs. Although this technique is nec-
essarily superficial, it allows a quick identification of film quality and coverage.
Large scale defects and misalignments are also evident. A Nikon Coolpix P5100
digital camera was used to capture micrographs.
2.6 Surface profilometry
The thickness of thin films was measured using a Tencor Instruments α-step 200
surface profilometer. An average of at least 10 measurements, taken at different
spots across the sample, was used to determine the film thickness.
2.7 Atomic Force Microscopy
Atomic force microscopy (AFM) measurements were made at the Cornell Cen-
tre for Materials Research (CCMR) using a Veeco Dimension 3100 atomic force
microscope operated in tapping mode. An Olympus OMCL-AC160TS-C2 silicon
cantilever tip (radius of curvature < 10nm) was driven to oscillate at or close to
its resonant frequency and placed in close proximity to the sample surface. At
this range, the tip is acted upon by electrostatic and Van der Waals forces which
dampen the amplitude of oscillation. A laser beam focused on the cantilever tip
and reflected into an array of photodiodes was used to detect these small am-
plitude changes. The tip height above the surface was controlled by a computer
feedback loop such that a constant amplitude oscillation was maintained. There-
fore, as the cantilever was translated across the sample, an image of the surface
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topography was acquired. AFM images were analysed using WSxM scanning
probe microscopy software [168].
2.8 Grazing Incidence Wide Angle X-ray Scattering
Grazing incidence wide angle X-ray scattering (GIWAXS) studies of P3HT thin
films were conducted at the Cornell High Energy Synchrotron Source (CHESS)
using the D1 beamline. Synchrotron X-ray radiation, produced when electrons
(or positrons) circulate in a storage ring at relativistic speeds, is highly collimated,
fiercely bright and can exceed the intensity of laboratory based X-ray sources by
1011 fold [45]. It is therefore a desirable radiation source for material studies.
Incident X-ray beam
Scattered beams
3 degrees of freedom: x-axis, z-axis, pitch
2D planar 
CCD detector
Sample
Figure 2.5: Grazing incidence wide angle X-ray scattering setup and experimental
geometry. The GIWAXS image is for scattering from a P3HT thin film spun from
chlorobenzene on a glass substrate. Figure part adapted from [115].
Figure 2.5 shows the GIWAXS setup. Monochromatic 10keV X-ray radiation
is incident on the sample at a shallow angle (typically αi . 0.1o). The incident
angle is precisely controlled by adjusting the pitch of the sample stage and is
chosen to be above the critical angle of the film but below the critical angle of
the substrate. In this regime, scattering from the film dominates over scattering
from the substrate. Incident X-rays travel as an evanescent plane wave along
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the film surface and some are scattered if they meet the film’s crystallographic
planes. The scattering angle is determined by Bragg’s Law as a function of
the separation between planes and the direction of scattered beams is related
to the plane orientation [169]. The intensity of scattered beams is measured
downbeam with a Medoptics charge-coupled device (CCD) (1024×1024 array of
46.9×46.9µm pixels). Exposure time was in the range 1-10 seconds and chosen to
be as long as possible to optimise the signal to noise ratio, but without saturating
the CCD. Scattering from plastic substrates was occasionally more intense than
from the film, even below its critical angle, so aluminium tape was used to cover
parts of the CCD receiving a strong substrate signal. This allowed the signal to
noise ratio of scattered beams from the film to be enhanced.
(100)
(200)
(300)
(010)
Sub
stra
te
Intensity
Direct-beam position
Figure 2.6: Representative GIWAXS image and peak assignments for scattering
from a P3HT thin film spun from chlorobenzene on a glass substrate.
The ESRF image processing software fit2d was used to analyse all GIWAXS
images in this thesis [170, 171]. Figure 2.6 shows a representative GIWAXS
image with crystallographic peak assignments made by comparison with previous
literature reports of X-ray scattering from P3HT thin films [34, 169, 172]. To
integrate 2D images into 1D 2θ scans it is necessary to precisely know the sample-
detector distance L. The direct-beam position and the position of the (100) peak
on the CCD, along with the scattering site at the sample define the vertices
of a right angled triangle in the plane normal to the substrate. The cathetus
along the beam direction evidently has length L and the length of the cathetus
along the surface of the CCD, dL, can be readily determined from the GIWAXS
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image. A further GIWAXS image was taken of each sample with the CCD moved
downbeam by a known amount l (typically l = 30mm). Again, a right angled
triangle is defined, but since the CCD is further away the cathetus along the
surface of the CCD increases to a length dL+l (and the cathetus along the beam
direction has length L + l). By similar triangles, the sample-detector distance
can be determined according to L = l
(
dL+l
dL+l − dL − 1
)
.
30
o
(100)
(200)
(300)
S
B
100
Figure 2.7: In-plane 2θ scan obtained by integrating the 2D GIWAXS image over
30o from the z axis. The plateau at 2θ ∼ 20o marked S is attributed to the substrate.
The in-plane 2θ integration provides useful information about the film mi-
crostructure and the interchain separation. Figure 2.7 shows an in-plane 2θ scan
obtained by integrating a GIWAXS image over an azimuthal range of 30o with
respect to the z axis. The interchain seperation d100 (along the a axis of figure
1.16) is easily determined by Bragg’s Law from the 2θ values of the (h00) peaks.
The intensity of the (100) peak on its own, however, is not a reliable indicator of
crystallinity, even after accounting for CCD exposure time. A sample with lower
crystallinity relative to another would indeed have a correspondingly decreased
(100) intensity. However, a sample with the same degree of crystallinity could
equally have an attenuated (100) peak if the orientation of crystals in the film
is changed. Therefore, the ratio of (100) and (200) peak intensities is preferred.
The closer the ratio is to unity, the greater the sample crystallinity.
The breadth (full width at half-maximum), Bhkl, of the (hkl) peak is related
to the average crystallite size Dhkl at the (hkl) scattering sites according to the
Scherrer formula [173]:
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Dhkl =
Kλ
Bhklcos(θhkl)
(2.5)
where λ is the X-ray wavelength and K is a numerical constant, derived by Scher-
rer as K = 2
√
ln(2)
pi
≈ 0.93. In this thesis, equation 2.5 is used to estimate the
size of (100) scattering sites. The meaning of Dhkl in the context of a poly-
crystalline polymer like P3HT is the subject of discussion later in this thesis.
It is likely smaller than but proportionally related to the crystal domain size.
Rather than representing the distance between grain boundaries in P3HT, it is
more accurately interpreted as the length scale over which P3HT chains show
correlated order. Smilgies [174] points out that the breadth Bhkl contains con-
tributions from sources other than the crystallite size which must be corrected
for. The largest contribution in the wide angle grazing incidence geometry is the
finite length of the beam footprint on the sample. If the entire sample width w
is illuminated by the beam, then scattering occurs along the whole sample. This
causes a spread of scattering site to detector distances which results in a geo-
metric smearing Bgeo of the peak. The smearing is related to the sample width
according to Bgeo = [wtan(2θ)] /L. Two other sources, the radial divergence of
the scattered beam and the energy bandwidth smearing, make contributions to
the B100 breadth which are one and six orders of magnitude smaller than Bgeo
respectively in the GIWAXS setup at CHESS beamline D1. They are described
in detail by Smilgies [174]. GIWAXS is therefore limited by geometric smearing
and a correction to account for it is made in calculations of D100.
10
o
170
o
FWHM
100
Figure 2.8: Radial integration of the (100) peak to obtain the azimuthal full width
at half maximum, a proxy for the degree of lamella ordering in P3HT thin films.
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Finally, the azimuthal full width at half maximum of the (100) peak A100,
obtained by radial integration (figure 2.8), is a proxy for the degree of order and
chain torsion in the film. Highly orientated films, in which P3HT lamella orient
normal to the substrate results in a narrow distribution of scattering vectors.
The (100) peak therefore has a correspondingly narrow azimuthal width. In less
ordered films, lamella orient at a range of angles relative to the substrate. As a
result, the scattered beams have an equally broad range of orientations, leading
to a widening of the (100) azimuthal width [169].
2.9 Absorption spectroscopy
A Shimadzu UV-2550 spectrophotometer was used to determine the absorption
spectrum of P3HT thin films through ultraviolet and visible (UV-vis) wave-
lengths. Light from a halogen and a deuterium lamp was passed through a
monochromator and a narrow exit slit to produce tuneable monochromatic light
over the entire UV-vis range. Monochromatic light was directed through the sam-
ple under study and the attenuated beam intensity measured by a photomultiplier
tube. Incrementally increasing wavelengths were sequentially passed through the
sample to build up its transmittance spectrum (T ). Samples were spin coated on
fused silica spectrocil B or plastic substrates. Samples were also gravure printed
on plastic substrates. There are two options to recover the desired transmission
spectrum of the film, TF, from the combined transmission of the film and sub-
strate, TF+S, measured by the spectrophotometer. The spectrophotometer can
be operated with the substrate in a parallel reference beam to additionally record
the transmission spectrum of the substrate TS. An internal calculation of the
ratio of TF+S and TS is then made by the spectrophotometer to output TF. The
method used in this work was to operate the spectrophotometer without a sub-
strate in the reference beam. The output of the spectrophotometer was therefore
the uncorrected transmission TF+S. After each batch of measurements, the spec-
trophotometer was then run once with just the substrate in the sample beam
to obtain TS. This method was chosen to decrease the number of parameters
associated with each measurement. Finally, the film absorption spectrum was
calculated according to the relationship between absorbance A and transmission,
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A = log10
(
1
T
)
. Therefore the film absorbance is AF = log10
(
TS
TF+S
)
. In calcu-
lating the absorbance from the transmission it is assumed that reflections from
the film and substrate surfaces may be ignored.
2.9.1 Analysis
Using the absorption spectrum of P3HT, Spano [175, 176] has derived, and Clark
et al. [177] applied, a method to estimate the exciton bandwidth (related to
the mean conjugation length and crystalline quality) and percentage of the film
composed of crystalline aggregates. Since both these parameters offer insight into
the thin film microstructure, the approach of Spano and Clark et al. is used in
this thesis.
Figure 2.9 shows the absorption spectrum of a P3HT thin film spun from
indan. The ratio of the 0-0 and 0-1 absorbance peaks is related to the free
exciton bandwidth W and the energy of the main intramolecular transition Ep
according to [175, 176]:
A0−0
A0−1
≈
(
1− 0.24W/Ep
1 + 0.073W/Ep
)2
(2.6)
Following Clark et al. it is assumed that the C=C stretch dominates, so Ep =
0.18eV [178]. Thus, by re-arranging equation 2.6, W can be estimated. As the
thin film order and conjugation length increases, W can be expected to decrease.
The fraction of the spectrum composed of aggregates is determined by compar-
ing the experimentally measured absorption spectrum to a theoretical fit which
accounts for the effect of aggregation on vibronic intensities:
A ∝
∑
m=0
(
e−SSm
m!
)(
1− We
−S
2Ep
Gm
)
Γ(~ω − E0−0 −mEp) (2.7)
where m is the vibrational level, Gm is a constant which depends on m according
to Gm =
∑
n6=m
Sn/n!(n − m), n is a vibrational quantum number, Γ is the line
shape and S is the Huang-Rhys factor which is assumed to be unity by Spano
and Clark et al. A Gaussian line shape Γ =
1√
pi∆
exp
[
−
(
~ω − E0−0 −mEp
∆2
)]
was chosen where ∆ is the Gaussian width. The theoretical fit plotted in figure
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Figure 2.9: Absorption spectrum of a P3HT thin film spun from indan and
theoretical fit computed from equation 2.7.
2.9 was computed by evaluating equation 2.7 to m = 3 (higher orders than this
make only a negligible contribution) and fitting E0−0 and ∆ to the experimental
data. The fraction of the film composed of aggregates was then determined as
the ratio of the area under the theory curve to the area under the experimental
curve between 2.20 < E < 3.00eV.
2.10 Static Multi-Angle Light Scattering
Static Multi-Angle Light Scattering (MALS) measurements were made on solu-
tions of P3HT to determine the radius of gyration and chain conformation in
different solvents. The MALS experimental method used in this thesis follows
one outlined by Rob Stanley [179] for the apparatus at Imperial College London.
The sensitivity of MALS to dust and solution concentration places two strin-
gent demands on solution preparation. Scattering from dust dominates over scat-
tering from polymer chains so solutions were prepared in a cleanroom environment
with solvents which had been filtrated through 0.02µm PTFE filters. The mass
of P3HT was measured using a mass balance with resolution ±10ng. The volume
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uncertainty associated with pipetting was deemed too large so solvent volume
was also calculated by mass according to the solvent densities in table 2.4.
Table 2.4: Supplementary solvent data required for multi-angle light scattering
experiments. The density is required to determine volume from the measured mass of
solvent. The refractive index is required in the computation of polymer molecular
weight and radius of gyration from light scattering data.
Name Density [g/cm3] Refractive index
Chloroform 1.48 1.445
Chlorobenzene 1.11 1.524
1,2-dichlorobenzene 1.30 1.551
Indan 0.96 1.537
1,2,3,4-tetrahydronaphthalene 0.97 1.541
To interpret MALS data it is necessary to know the refractive index increment
dn/dc, the rate of change of a solution’s refractive index (n) with concentration
(c). A Brookhaven differential refractometer, calibrated against potassium chlo-
ride standards, was used. The refractometer measures the refraction of a 690nm
laser beam as it passes through a quartz cell, split into two chambers along the
diagonal, which contains neat solvent in one chamber and dilute solution in the
other. The neat solvent and the dilute solution have refractive indices n and
n + ∆n respectively. The beam deflection is measured by an array of photodi-
odes, from which ∆n can be readily calculated by comparison to the reference
deflection when both chambers contain neat solvent. Repeating the measurement
at a range of concentrations allows dn/dc to be determined. Solutions in the con-
centration range 0.5→ 5.0mg/ml were used. Below this concentration range the
signal to noise ratio is too low. It is assumed the value of dn/dc measured by the
refractometer is still valid at the lower concentrations used for MALS.
Multi-angle light scattering measurements were made using a Wyatt Technol-
ogy DAWN-DSP laser photometer. The DAWN-DSP is comprised of a 690nm
laser source, incident on to the solution under study. A portion of photons are
Rayleigh scattered off polymer chains in the solution and are detected by an ar-
ray of 18 photometers distributed around the sample in the same plane, thereby
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recording the angular scattering profile of the solution. Although the photome-
ters are identical solid state photodiodes, even small variations in their quantum
efficiency would bias the scattering profile towards particular angles. Therefore
they were calibrated against toluene, which has a known Rayleigh ratio, and
against the isotropic scatterer polystyrene (in tetrahydrofuran) to normalise the
detectors. The scattering data was analysed using the ASTRA (version 4.73.04)
software package from Wyatt Technology.
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Chapter 3
Sequential gravure contact
printing of top gate bottom
contact OFETs
In this chapter, contact gravure printing is demonstrated as a high
throughput fabrication technique for organic field-effect transistors.
The optimisation of P3HT, polymer insulator and silver ink thin film
printing is described and OFETs realised from these printed materials
are characterised.
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3.1 Introduction
The prospect of cheap and flexible electronic devices fabricated in a high through-
put process has motivated interest in printed plastic electronics. The recent ap-
plications of sheet and mass printing techniques to printing organic field-effect
transistors were reviewed in section 1.3. As printed plastic electronics is scaled
up to commercial fabrication, the choice of particular printing techniques will
likely result from a compromise between throughput and feature size based on
the requirements of a specific device. Therefore a suite of printing techniques, re-
purposed from graphical to plastic electronic printing, will be sought by industry.
This chapter describes the development of contact gravure printing, an extremely
high throughput technique introduced in section 1.3.2.5, as a method for OFET
printing.
The printing behaviour of poly(3-hexylthiophene) is first investigated to es-
tablish that uniform films of controllable thickness could be deposited to form
the OFET active layer. OFETs were then fabricated in a bottom contact, top
gate geometry on polyethersulfone (PES) substrates. Transparent indium tin
oxide (ITO) source and drain electrodes, as required for display backplane ap-
plications, were pre-patterned on the substrates. Printed OFETs were built up
by incrementally replacing spin coated and evaporated layers with printed layers.
Finally, a high performance proof-of-concept OFET with printed semiconductor,
insulator and gate electrode, is demonstrated.
All of the work in this chapter was conducted as part of the European Com-
mission funded CONTACT project (FP6/511562). AFM images in this chapter
were obtained in the tapping mode by Olivier Douhe´ret (OD) at IMEC, Belgium.
Samples were printed by the author and mailed to IMEC. Images and surface
roughness calculation is by OD. Commentary on the images is by the author.
3.2 Printed P3HT
The organic semiconductor P3HT was chosen as the active layer for OFETs in this
chapter because it is a widely studied material in which hole field-effect mobilities
of up to ∼0.1cm2/Vs have been achieved (section 1.4). In choosing an unmodified,
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“generic”, organic semiconductor it is also hoped to demonstrate that there is
sufficient freedom in gravure printing parameters to be able to optimise printing
behaviour for an off the shelf material rather than requiring that a material be
optimised at the molecular level for printing.
The parameter space in gravure printing is wide. Preliminary investigations
pointed to at least 14 variables, summarised in table 3.1, some of which are inter-
dependent. Michels et al. [144] have also attempted to list the gravure printing
parameter space and reported a similar list.
Table 3.1: Gravure printing parameter space.
Solution Substrate Printer Environmental
Polymer molecular weight Surface energy Print speed Temperature
Polymer polydispersity Underlying layers Print pressure Humidity
Concentration Density of cells
Solvent choice Cell shape and volume
Temperature Plate surface energy
The requirements on the surface energies of the substrate and printing plate
are linked: we can assert that ink transfer from plate to substrate will be favoured
if the ink preferentially wets the former. The pre-treatment of the plate and sub-
strate influence their surface energies. The substrate was cleaned prior to printing
according to the procedure in section 2.2.1, which notably includes a 30 second
ozone treatment at 30W. The plate was cleaned prior to use with chlorobenzene
and a lint free wipe. In this case, it was found that P3HT formulations typically
had a lower contact angle by 5-10o on the substrate than the plate [140], hence
satisfying the condition for favourable ink transfer.
Results from an artificial neural network model of gravure printing [144]
showed that layer thickness was unaffected by printing speed, but that film rough-
ness was lowest for printing speeds between 0.9 and 1.2 m/s and film anisotropy
was reduced as the printing speed was lowered. The Labratester 1 printer was
operated at its maximum printing speed of 0.66 m/s (40 m/min) as the aim of
this work was to demonstrate gravure printing as a high throughput technique.
The printing pressure was set as recommended by the manufacturers and not
changed.
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(a) 20% by wt. P3HT in chlorobenzene
(b) 2% by wt. P3HT in chlorobenzene
Figure 3.1: 0.5× 0.5µm tapping mode AFM images of printed P3HT
(Mw = 25.3kg/mol). Note the different height scales. Images: Olivier Douhe´ret
(IMEC).
Taken together, the solution concentration, molecular weight, temperature
and to some extent solvent choice influence the quality of printed films because
they shape the solution viscosity. In the graphical art community, inks for gravure
printing are formulated to have a high viscosity to prevent ink spreading beyond
nearest neighbour droplets [180]. Sharp features can therefore be printed (at the
expense of film uniformity, an effect which is not readily appreciable by eye). This
had led to a perception that gravure printing requires high viscosity inks. Indeed,
the sheer viscosities of two commercially available red and black gravure reference
inks were found to be in the 100-500mPa·s range and their thixotropic behaviour
showed shear thinning [140]. The thixotropic behaviour of 20% by wt. P3HT
(Mw = 34.5kg/mol) in chlorobenzene was found to be similar to the reference inks
[140] so it might be expected to be a good composition for printing. Figure 3.1(a)
shows AFM images of P3HT printed from this solution. Notably the local surface
r.m.s. roughness was found to be 6.7nm and the total film thickness of 600nm was
found to vary by ±100nm across an area of 1×2mm [140]. This is evidently too
rough as a base on which to form a satisfactory semiconductor-insulator interface.
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Therefore, a film printed from a solution of concentration an order of magnitude
lower was investigated (figure 3.1(b)). By lowering the concentration to 2% by
wt. the film thickness decreased as expected (to 100±10nm [140]) and the local
r.m.s. surface roughness decreased by an order of magnitude to 0.66nm. Both
the thickness and roughness of the film in this case are within acceptable limits
for OFET fabrication. The 2% by wt. solution with chlorobenzene was found to
have Newtonian behaviour on shearing (viscosity was invariant with shear rate)
and viscosity in the range 1-10mPa·s [140] which is in the same range as used for
spin coating and inkjet printing.
Table 3.2: Printed P3HT r.m.s roughness, determined by tapping mode AFM (O.
Douhe´ret, IMEC), as a function of molecular weight. Solutions were all 2% by wt. in
chlorobenzene or 1,2-dichlorobenzene and films were annealed at 150o for four hours
in nitrogen.
Mw [kg/mol] r.m.s. roughness [nm]
25.3 0.87
32.5 0.84
158.0 2.90
At a given concentration, it is well established that the viscosity of a polymer
solution is raised as the molecular weight is increased. The effect arises because
long chains statistically interact with each other more frequently than short chains
in solution. Whilst 2% by wt. P3HT of Mw = 34.5kg/mol in 1,2-dichlorobenzene
showed Newtonian behaviour, P3HT of Mw = 158kg/mol in the same concen-
tration and solvent transitioned to thixotropic behaviour and its viscosity was
raised by over an order of magnitude [140]. Similar relationships between P3HT
molecular weight and viscosity have been reported elsewhere [156, 181]. Given
the relationship between viscosity and film roughness as the concentration was
varied, the effect of printing high molecular weight P3HT is therefore predictable.
Table 3.2 shows that the local r.m.s. roughness, as measured by AFM imaging,
was indeed increased at high molecular weights. There was little difference be-
tween the viscosities of the two low molecular weight batches [140] and they did
not therefore have much difference in film roughness.
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The solvent choice was found to be a strong determinant of printed film qual-
ity, with higher boiling point solvents leading to smoother and increasingly uni-
form films. Figure 3.2 shows micrographs of P3HT (Mw = 34.5kg/mol) printed
from solvents with boiling points between 61oC and 206oC.
Figure 3.2: Micrographs of P3HT (Mw = 34.5kg/mol) printed from a range of
solvents, all at a concentration of 3% by wt., on PES substrates. Smoother and
increasingly uniform films are obtained as the solvent boiling point is increased.
The lowest boiling point solvents (chloroform and chlorobenzene) lead to films
which have marked anisotropy and clearly retain a “memory” of the print direc-
tion in their structure∗. Around the edges of the film printed from chloroform,
the outlines of the printing plate ink cells are conspicuous. Films printed from
the mid-range solvents (indan and 1,2-dichlorobenzene) are distinctly more uni-
form, although the 1,2-dichlorobenzene film in particular still appears to have
a preferential structural alignment with the print direction. The highest boil-
ing point solvent, 1,2,3,4-tetrahydronaphthalene (THN), produces a uniform and
smooth film. The strength and direction of the relationship between film quality
and solvent boiling point is not particularly surprising. In gravure printing, the
formation of smooth films requires that ink drops spread out on the substrate
∗A distinction is made here between the macro structure of a printed film and the mi-
crostructural arrangement of polymer chains. There is no claim made about the later based on
the micrographs in figure 3.2.
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to meet their nearest neighbours (who are also spreading). Volatile solvents like
chloroform evaporate within the first five seconds after printing, so the ink has
very little time to spread out. The pattern of ink cells is therefore “frozen” into
the film structure. In contrast, THN takes ∼ 3 minutes to evaporate so the ink
has adequate time to spread out and coalesce into a uniform and smooth film.
3.2.1 OFETs with printed P3HT active layer
The preliminary work on printing P3HT thin films therefore pointed to the use
of low concentrations (2-4% by wt.) of moderate molecular weight P3HT (Mw ∼
35kg/mol) in moderate to high boiling point solvents (1,2-dichlorobenzene, indan
and THN). It was thus possible to print a smooth 100nm film on to a PES
substrate with pre patterned ITO source and drain electrodes (figure 3.3) to form
the basis of an OFET. Figure 3.4 shows a representative transfer characteristic
for a device with P3HT printed from a 3% by wt. solution in THN. To complete
the device, a 500nm PMMA gate insulator was subsequently spin coated and an
aluminium gate electrode formed by thermal evaporation. The on/off ratio was
103.1 and µlin=0.1cm
2/Vs.
Figure 3.3: Dimensions of the lithographically patterned ITO source and drain
electrodes on PES substrates used as the basis for OFETs in this chapter. The
underlying PES substrate had a bending radius of ∼2cm.
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Figure 3.4: Representative transfer characteristics (Vd=-10V) of a device with
P3HT printed from a 3% by wt. solution in THN, spin coated PMMA gate insulator
and evaporated aluminium gate electrode.
3.3 OFETs with printed P3HT and gate insulator
Having established that it was possible to print sufficiently good films of P3HT to
obtain transistor action, the next step towards a fully printed OFET was to print
a polymer insulator layer on top of a printed P3HT layer. The surface energy
requirement for printing an insulator was more complex than it was for P3HT.
In this case, the insulator must wet preferentially on both the underlying P3HT
film and the wider substrate. The wetting behaviour of the polymer insulator
was found to depend principally on two factors: the insulator solvent choice
and the presence of residual solvent in the P3HT layer [140]. Optimal insulator
wetting behaviour was obtained for PMMA in MEK, PHEMA in IPA and x-
PHEMA in 2,2,2-trifluoroethanol (TFE) (all solvents are orthogonal to P3HT
so did not damage it during printing). Residual solvent in the P3HT layer was
removed in a vacuum oven for 12 hours and by thermal annealing at 150oC in
nitrogen. Insulators were printed from 3% by wt. solutions (which had Newtonian
behaviour and viscosity of ∼10mPa·s [140]) using a printing plate with a cell
density of 110 lines/cm to realise a thick film. The film thickness of all insulators
printed in this way was 250nm [140] which was still too low to adequately prevent
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current leakage between the source and gate electrodes. Devices were therefore
fabricated by printing two insulator layers sequentially, for a total thickness of
500nm. This opened the possibility of fabricating devices with a multi layer
comprised of two different insulators. It was found that x-PHEMA could wet
PMMA, PHEMA and itself [140] so three insulator combinations were possible:
PMMA/x-PHEMA, PHEMA/x-PHEMA and x-PHEMA/x-PHEMA. The total
capacitance was calculated according to a model of two capacitors in series. This
assumption was checked successfully with spin coated MIS devices comprising the
three insulator combinations.
Abbreviation
ITO
Al
P3HT
x-PHEMA
ITO
PMMA
PHEMA
x-PHEMA
Solvent
THN
Indan
THN
Indan
THN
Conc.
2%
3%
3%
4%
4%
M
w
 [kg/mol]
32.5
34.5
34.5
34.5
34.5
32.5-2%-THN
34.5-3%-IND
34.5-3%-THN
34.5-4%-IND
34.5-4%-THN
Figure 3.5: Partly printed OFET structural framework. The substrate was PES
with pre-patterned ITO source and drain electrodes (L = 50µm, W=1.3mm). The
first printed layer was P3HT, deposited from a choice of five different solutions. The
second printed layer was a choice of three different polymer insulators. The third
printed layer was always x-PHEMA. The aluminium gate electrode was thermally
evaporated.
A total of 115 OFETs, manufactured by printing the P3HT and gate insula-
tor layers (and thermally evaporating the aluminium gate electrode), were tested
to optimise the possible combinations of P3HT solutions (molecular weight, con-
centration, solvent choice) and insulator material. These devices were fabricated
by M. Voigt at both Imperial College London and ASULAB, Switzerland. All
OFET characterisation and commentary is by the author. Figure 3.5 shows the
device framework and summarises the five different P3HT solutions used in this
section. The combination of five solutions and three choices for the first insulator
layer generated 15 distinct structures, of which at least 8 examples each were
fabricated and tested.
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Table 3.3: Figures of merit for OFETs fabricated with printed P3HT and insulator
layers.
P3HT formulation Gate insulator Characteristics Yield
Mw Concn. Solvent Insulator 1 Insulator 2 on/off µlin µsat
[kg/mol] by wt. [cm2/Vs] [cm2/Vs]
34.5 4% THN PMMA x-PHEMA 103.0 1.5×10−2 3.2×10−2 1/4
32.5 2% THN PHEMA x-PHEMA 102.2−3.2 6.4×10−3 5.5×10−3 2/4
34.5 3% THN PHEMA x-PHEMA 101.4−2.9 5.7×10−3 6.8×10−3 2/6
34.5 3% Indan PHEMA x-PHEMA 101.0−1.6 4.1×10−3 - 2/7
34.5 4% Indan PHEMA x-PHEMA 100.8−1.1 3.9×10−3 - 5/9
32.5 2% THN x-PHEMA x-PHEMA 104.0 9.7×10−3 1.5×10−2 1/4
34.5 4% THN x-PHEMA x-PHEMA 101.7 5.8×10−3 4.0×10−2 1/4
The yield of working devices was around 35% and transistor figures of merit
for those devices are shown in table 3.3. There were three categories of device
failures. Either, the leakage current through the polymer insulator was too high,
or the insulator dewetted on the underlying P3HT, or there was no variation
of the drain current with the gate voltage (no transistor action). There was no
strong correlation between these failure categories and particular P3HT solutions
or insulator materials. However, the yield of devices with PMMA as the first gate
insulator was particularly poor. This is attributed to the thermal crosslinking
steps required by the overlying x-PHEMA layer which are above PMMA’s glass
transition temperature.
Despite the low yield, some trends are apparent. Transfer characteristics of
five devices with different P3HT and insulator combinations are shown in figure
3.6. The yield amongst P3HT formulations based on THN is substantially higher
than indan. The only direct transistor performance comparison is between 34.5-
3%-THN and 34.5-3%-IND P3HT solutions with PHEMA/x-PHEMA as gate
insulators. In that case, the linear mobility is similar, although the on/off ratio is
enhanced in THN devices. The higher yield amongst THN formulations is likely
because, as argued previously, high boiling point solvents are favoured for the
formation of smooth and uniform gravure printed thin films. The highest linear
mobility was recorded for a device with PMMA as the insulator making the
interface with P3HT. This is attributed to the widely reported observation that,
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Figure 3.6: Transfer characteristics at Vd = −10V for different combinations of
printed P3HT solutions and gate insulator materials. An aluminium gate electrode
was thermally evaporated in all cases.
all other variables being equal, OFETs with lower dielectric constant insulators
have higher mobility (section 1.2.4).
The best performing P3HT formulation was 32.5-2%-THN. With both PHEMA/x-
PHEMA and x-PHEMA/x-PHEMA gate insulators, on/off ratios of 103-104 were
recorded. The transfer and output characteristics of the best performing device
(P3HT (32.5-2%-THN)/x-PHEMA/x-PHEMA) are shown in figure 3.7.
Although the yield is unsatisfactorily low, it has been shown that it is pos-
sible to gravure print an insulator on to a P3HT layer and in doing so create
a sufficiently good semiconductor-insulator interface for transistor action to oc-
cur. Indeed, the highest performing devices compare well to spin coated P3HT
OFETs.
3.4 Fully printed OFETs
The final step towards an all gravure printed OFET was to print the gate contact
rather than depositing it by thermal evaporation. A silver ink, designed to have
viscosity in the same 10-20mPa·s range as P3HT and insulator solutions, was
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Figure 3.7: Transistor characteristics of a device with printed P3HT (32.5-2%-THN)
and printed double x-PHEMA gate insulator. The aluminium gate electrode was
thermally evaporated.
synthesised by Imperial College Chemistry. It consisted of dispersed nanocolloidal
particles in α-terpineol, was found to wet on x-PHEMA and had a layer thickness
of 120±10nm when printed at a concentration of 30% by wt. using a 160 lines/cm
printing plate [140]. The silver ink required a two hour bake at 120oC to link
silver particles and was found to have a sheet resistance of 0.4Ω/ [140].
A total of 90 OFETs, manufactured by printing the P3HT, insulator and
gate contact layers, were tested. These devices were fabricated by M. Voigt
at ASULAB, Switzerland. All OFET characterisation and commentary is by
the author. To allow comparisons between partly and fully printed devices, the
same five combinations of P3HT molecular weight, concentration and solvent
choice were used as in the fabrication of partly printed OFETs. Similarly, the
gate insulator was constructed as a double layer of approximately 500nm, with
the material forming the semiconductor-insulator interface varied (either PMMA,
PHEMA or x-PHEMA) and the second layer always being x-PHEMA.
Micrographs of four layers which were sequentially printed to fabricate an
OFET are shown in figure 3.8. It is clear from 3.8(d) that the gate electrode
is large in comparison to the channel and has a region of extended overlap with
the underlying source and drain electrodes. The gate contact was deliberately
large to reduce alignment problems, however this is at the expense of potentially
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Figure 3.8: Example microgaphs of the four layers which were sequentially printed
to fabricate an OFET. (a) Printed P3HT. The interdigitated ITO source and drain
electrodes are visible. (b) PHEMA layer, (c) x-PHEMA layer and (d) silver ink
printed gate electrode. Images: Monika Voigt.
introducing parasitic capacitances.
The yield of working devices was around 24% and transistor figures of merit
for those devices are shown in table 3.4. Three device failure categories were
identified in section 3.3. All three were represented amongst the failures of fully
printed devices in this section, however the proportion failing due to high leakage
currents through the insulator was notably reduced. This is surprising given that
the printed gate electrode extended 0.8mm along the underlying source and drain
electrodes whilst the thermally evaporated gate electrode, which could be more
precisely aligned, only extended 0.2mm. Therefore, based simply on geometric
arguments, the evaporated gate electrode could be expected to have lower proba-
bility of device failure due to leakage currents. However, it is believed that during
evaporation of the gate contact, energetic atoms may penetrate the polymer in-
sulator, thereby creating conducting channels which increased the probability
of high leakage currents or the device shorting completely. Comparatively, the
deposition of the silver ink gate contact by gravure printing is gentle and does
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Table 3.4: Figures of merit for OFETs fabricated with printed P3HT, insulator
layers and gate contact.
P3HT formulation Gate insulator Characteristics Yield
Mw Concn. Solvent Insulator 1 Insulator 2 on/off µlin µsat
[kg/mol] by wt. [cm2/Vs] [cm2/Vs]
32.5 2% THN PHEMA x-PHEMA 101.6 3.0×10−4 1.3×10−4 1/6
32.5 3% THN PHEMA x-PHEMA 101.8 1.7×10−3 1.5×10−3 1/6
34.5 4% THN PHEMA x-PHEMA 101.2−1.8 2.0×10−3 3.2×10−3 4/6
34.5 3% Indan PHEMA x-PHEMA 102.0−3.3 3.6×10−3 2.7×10−3 3/6
34.5 4% Indan PHEMA x-PHEMA 101.6−2.3 5.2×10−3 7.1×10−3 4/6
32.5 2% THN x-PHEMA x-PHEMA 100.6 4.1×10−4 1.8×10−4 2/6
34.5 3% THN x-PHEMA x-PHEMA 101.2 2.0×10−3 2.6×10−2 2/6
34.5 4% THN x-PHEMA x-PHEMA 100.5 2.6×10−3 3.1×10−4 2/6
not create conducting channels into the insulator. The different rate of device
failure due to high leakage currents is therefore attributed to changing the gate
deposition method.
The transfer characteristics of the highest performing devices for each P3HT
formulation and insulator are shown in figure 3.9. Since these are the best devices
of a small yield it is not possible to draw definite trends from the data. Nonethe-
less, some observations are possible. The on currents are approximately the same
for devices made from the same molecular weight P3HT regardless of insulator
choice, so the on/off current ratio is determined by the value of the off current.
The yield of devices with P3HT deposited from THN solutions was higher than
from indan, but amongst working devices the on/off ratio of indan devices was
higher than for THN. The linear mobilites of all devices were grouped around
10−3cm2/Vs, regardless of solvent choice or gate insulator. The higher current
modulation performance of fully printed OFETs based on P3HT printed from
indan solutions over THN therefore questions the suggestion made in section 3.3
that the use of THN led to better quality films and thus better quality devices.
However, the low yield prevents more than a tentative comparison. The on/off
ratios of devices with a double layer of x-PHEMA as the gate insulator were
substantially lower than devices with PHEMA / x-PHEMA hybrid layers. It is
possible that a chemical reaction occurs at the P3HT/x-PHEMA interface during
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Figure 3.9: Transfer characteristics at Vd = −10V for different combinations of
printed P3HT solutions and gate insulator materials. A silver gate electrode was
printed in all cases. Note that these are the best devices of a small yield so it is not
possible to draw definite trends from the data.
cross linking which degrades P3HT at the interface. However, one of the highest
performing partly printed devices had an x-PHEMA double layer so it is unclear
whether this effect is indeed the cause of attenuated device performance
The combination with the highest on/off ratio was 3% bt wt. P3HT in indan
with a PHEMA / x-PHEMA gate insulator. As the aim of this chapter was to
demonstrate working gravure printed OFETs, a further set of devices with this
structure were printed to verify whether the device performance was reproducible.
These devices were fabricated by M. Voigt at ASULAB, Switzerland. All OFET
characterisation and commentary is by the author.They had on/off ratios in the
range 103.9−4.6 and saturated mobility of 0.03cm2/Vs and representative transfer
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Figure 3.10: Transistor characteristics of a device with printed P3HT
(32.5-2%-THN) and printed double x-PHEMA gate insulator.
and output characteristics for these devices are shown in figure 3.10. These values
exceed those in table 3.4 and compare favourably to spin coated P3HT OFETs
with polymer insulators reported in the literature which have typical field-effect
mobilities in the range 0.005-0.05cm2/Vs and on/off ratios up to 103 [182, 183].
It also has the highest mobility and on/off ratio of any P3HT gravure printed
device in the literature.
3.5 Why is the yield of gravure printed devices
low?
The yield for partly and fully gravure printed devices was very low (∼ 20%) using
the Labratester 1 printer, substrates and materials reported here. Since the yield
of spin coated OFETs fabricated from the same materials was typically much
higher, this suggested that the gravure printing process introduced new failure
mechanisms. Candidate mechanisms are discussed in this section.
The source and drain electrodes were formed of pre-patterned ITO source and
drain electrodes. During printing, the substrate was wrapped around a cylindrical
drum and pressed down on to the printing plate. Although thin layers of ITO
are flexible, it is fundamentally a brittle ceramic and cracking of ITO on flexible
substrates such as polyethylene terephthalate (PET) is well documented [184],
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which in turn leads to higher ITO sheet resistances after flexing [185] or device
failure. The fully printed devices were formed of four layers of printed material,
so the substrates were subject to repeated bending. This failure mechanism was
investigated by inspecting with a microscope the source and drain electrodes of
non working devices. No cracking was evident, but it remains possible that they
were too small or lacked sufficient contrast to be observed.
A large variation was noted between devices made of the same material on the
same substrate. This may be evidence that the setup of the gravure printer was
not completely optimal. In particular, the rotating cylinder may have been unin-
tentionally mounted such that marginally more pressure was applied to one side
of the substrate that the other or the doctor blade may not have been completely
flush with the printing plate, leading to a non-uniform distribution of ink. The
printer was checked by the manufacturers after installation and before the work
reported here was undertaken. However, it is possible that the printer tolerances
are too large for use in OFET manufacturing since it was initially designed with
the less stringent demands of the packaging industry in mind.
Finally gravure printing was performed in a fume cupboard, but not in a
cleanroom environment so the amount of dust during fabrication was not prop-
erly controlled. This could in part explain the different yield between devices
manufactured by spin coating in a cleanroom and devices gravure printed in an
uncontrolled atmosphere.
3.6 Conclusions and further work
In summary, high throughput gravure printing of smooth and uniform films of
the organic semiconductor P3HT has been demonstrated. Although the param-
eter space for printing is wide, the rheological properties of inks can be tuned
to achieve good quality films, primarily by controlling just three variables: the
solution concentration, molecular weight and solvent choice. The high viscosity
of inks required for gravure printing is habitually cited as a disadvantage of the
techniques. However, the viscosity of solutions used here for gravure printing
are much lower than reference gravure inks used in the graphical art commu-
nity and have comparable viscosity to those used for spin coating and ink jet
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printing. Subsequently, it has been shown that three different polymer insulators
can be printed directly on to the P3HT layer. The quality and smoothness of
this P3HT-insulator interface is sufficiently good for transistor action to occur in
bottom contact / top gate OFETs. Finally, by printing a silver ink gate contact,
fully gravure printed OFETs have been demonstrated. The highest performing of
these have comparable mobility (0.03cm2/Vs) and higher on/off ratios (103.9−4.6)
to fully spin coated devices in the same architecture.
Some challenges remain. The yield of working devices is very low and there
is a large spread of device performance amongst working devices. It is there-
fore difficult to draw statistically sound conclusions about the optimal P3HT
formulation and insulator layer combinations for OFETs. A systematic study
of printed P3HT would help to understand how different conditions influence
the microstructure of the printed film and in turn how this relates to OFET
characteristics. A discussion of possible device failure mechanisms introduced by
gravure printing was presented. To realise gravure printing as a high throughput
technique for commercial manufacturing of OFETs will require printers be opti-
mised for organic electronics, in particular by designing new printers with more
stringent tolerances and enhanced substrate alignment methods.
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Chapter 4
Impact of solvent choice on
spin-coated and gravure printed
P3HT thin film microstructure
and OFET performance
This chapter presents a systematic comparison of the microstructure
and transistor characteristics of spin coated and gravure printed P3HT
cast from different solvents. The behaviour of polymer chains in solu-
tion is investigated by static light scattering to understand how chain
conformation in solution influences the development of thin film mi-
crostructure. To build up a complete picture of the microstructure
three complementary techniques (AFM imaging, GIWAXS and ab-
sorption spectroscopy) are used. These results are then related to
OFET performance.
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Solvent choice is known to powerfully shape the microstructure, field-effect mo-
bility and polaron delocalisation of spin coated P3HT thin films [109, 157]. High
boiling point solvents are believed to lead to films with greater crystallinity and
higher mobilities because long evaporation times allow P3HT chains to adopt a
well ordered lamella configuration. In contrast, low boiling point solvents evap-
orate too quickly for significant ordering to occur. Similarly, in the previous
chapter, the quality of gravure printed P3HT thin films was strongly correlated
to solvent choice. A related interpretation was invoked: high boiling point sol-
vents lead to smooth and uniform printed films because they allow sufficient time
for adjacent printed drops to coalesce into a thin film. In this chapter, a sys-
tematic study and comparison of the microstructure of spin coated and gravure
printed P3HT thin films in five different solvents is presented. The microstructure
is investigated using three complementary approaches: AFM imaging, GIWAXS
and absorption spectroscopy. Taken together, data from these techniques builds
up a picture of the microstructure at the film surface and in the bulk. FETs
were fabricated with spin coated and printed films to investigate the relationship
between microstructure and field-effect mobility.
Although solvent boiling point is a good predictor of field-effect mobility in
spin coated P3HT, the trend is less clear in gravure printed films. Broadly, the
same pattern is followed in printed as spin coated films: higher boiling point
solvents leads to smoother films and higher field-effect mobility. However, the
printing behaviour of P3HT in 1,2-dichlorobenzene is inferior to in indan, even
though the solvents have very similar boiling points. The pure solvent boiling
point is a function of interactions between solvent molecules. Yet in P3HT so-
lutions there are also interactions between solvent molecules and P3HT chains
which may disrupt the trend. To investigate this claim, static light scattering
was used to study the behaviour of P3HT chains in solution by measuring the
average radius of gyration.
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4.2 Experimental
Five solvents were chosen to span a wide range of boiling points and include
solvents often used in spin coating (chloroform and chlorobenzene) and solvents
investigated for gravure printing (1,2-dichlorobenzene, indan and THN). As so-
lution concentration affects spin coating and printing behaviour it was fixed at
3% by wt. for both techniques. This value was chosen since it lies in the optimal
viscosity range for printing and leads to approximately 100nm thick films with a
210 lines/cm printing plate, as used for FETs. For spin coated samples, a spin
speed of 2750rpm was determined to develop films of equal thickness.
A single batch of P3HT (Mw = 31.4kg/mol (GPC), Mn = 18.0kg/mol, RR
= 94.7%) was used throughout this chapter. It was chosen to have a molecular
weight close to the batches found to have optimal gravure printing behaviour in
Chapter 3.
For comparison purposes, a common polyesthersulfone (PES) substrate was
used for both spin coated and printed films for microstructure investigations and
FET fabrication. To establish baseline performance, glass and Si/SiO2 FET
substrates were also used for spin coated samples.
4.3 P3HT in solution
4.3.1 Theory
The starting point for understanding light scattering by polymers in solution is the
conceptually simpler case of Rayleigh light scattering in gases. In this instance,
it is assumed that the gas is comprised of independent molecules which are small
compared to the wavelength, λ, of incident radiation. Scattering arises from the
perturbation of the scattering particles’ electron orbits by the electric field of the
incident light beam. The electrons are driven to oscillate by the field at the same
frequency as the incident light. In turn, this induces transient dipoles within the
molecules which release absorbed energy by emitting light in all directions, which
is manifest as scattering. If the emitted light is at the same wavelength as the
absorbed light, the process is said to be elastic. The intensity of scattered light
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Rθ at an angle θ, known as the Rayleigh ratio, is a function of the gas molecular
weight Mw, concentration c, and refractive index increment dn/dc according to
[25]:
Rθ =
(
2pi2
NAλ4
)(
dn
dc
)2
(1 + cos2θ)Mwc (4.1)
Debye extended the analysis to solutions by showing that the Rayleigh ratio
of a solute is equal to the Rayleigh ratio of the solution less the Rayleigh ratio of
the pure solvent (assuming that both solute and solvent are small compared to
the wavelength of incident light). In this case, the Rayleigh ratio of the solute is
related to its molecular weight and a constant, the second virial coefficient A2,
as [25]:
K
(1 + cos2θ)c
Rθ
=
1
Mw
+ 2A2c (4.2)
where
K =
2pi2n20
λ4NA
(
dn
dc
)2
(4.3)
and n0 is the refractive index of the pure solvent.
The approximation that a scattering site is small compared to the wavelength
of light breaks down when particle size is greater than
(
λ/20n0
)
. For λ=690nm,
it can be readily expected that this condition will be exceeded by P3HT in the
solvents used in this work. In the large particle regime, intraparticle interference
of light scattered from different sites on the same particle means that the particle
shape becomes important. The angular attenuation of scattering P (θ) is defined
as the ratio of scattering intensity from a large particle to the intensity without
interference at the same angle. P (θ) can be expressed in terms of u, a function
which depends on the radius of gyration Rg and the shape of the scattering site.
For example, monodisperse randomly coiling polymers follow [25]:
P (θ) =
2
u2
(
e−u − (1− u)) (4.4)
where
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u =
(
4pi
λ
sin(θ/2)
)2
R2g (4.5)
The radius of gyration (and the solute molecular weight) can be inferred from
large particle light scattering data according to a double extrapolation method
described by Zimm. This method exploits the fact that P (0) = 1 (there is no
intraparticle interference in the direction of the incident beam because the light
path length is unchanged). Zimm proposed a modified form of equation 4.2 for
large particles:
Kc
Rθ
=
1
Mw
+
1
Mw
[(
16pi2n0
3λ2
)
sin2(θ/2)R2g
]
+ 2A2c+ ... (4.6)
A Zimm plot is constructed by graphing (Kc/Rθ) against (sin
2(θ/2) + k
′
c),
where k
′
is a constant without physical significance chosen to give a convenient
spread of data, for a range of scattering angles and concentrations. sin2(θ/2) takes
values between zero and one, so the value of k
′
is chosen to be of the same order
of magnitude. A good choice is to require that k
′
cmax = 1 (therefore k
′
= 1/cmax)
where cmax is the maximum solution concentration. Points of equal concentration
are extrapolated to zero angle and points of equal angle are extrapolated to zero
concentration [25, 186], thereby giving the Zimm plot its characteristic grid-like
appearance. The constructed lines of θ = 0 and c = 0 are then extrapolated to the
Kc/Rθ axis, which they should ideally intersect at the same point. By inspection
of equation 4.6, the value of Kc/Rθ at the intersection is the reciprocal of the
molecular weight (since θ = 0). The average value of the radius of gyration in
the detector plane is obtained from the initial slope sc of the c = 0 line according
to [25]:
Rg = scMw
(
3λ2
16n0pi2
)
(4.7)
4.3.2 Previous work on light scattering from P3HT
There is a small body of previous work on P3HT light scattering, principally
conducted with chloroform as it is considered a good solvent. Heffner et al. [187]
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made static light scattering measurements of P3HT in chloroform and tetrahy-
drofuran to compare the chain conformation in both solvents. P3HT was found
to exist as a nonaggregated flexible coil in the two solutions, with very similar
radii of gyration. They compared the molecular weights determined by static
light scattering for five batches of P3HT with those obtained by gel permeation
chromatography (GPC). The presence of double bonds along the backbone of
P3HT would suggest that it is a more rigid molecule than polystyrene, the stan-
dard against which GPC is calibrated. It therefore follows that GPC will likely
overestimate the molecular weight of P3HT. However, Heffner et al. found no such
effect: molecular weights determined by the two methods disagreed by no more
than 5% in the range 40 to 225 kg/mol. Conversely, Yamamoto et al. [188] did
observe this effect in a comparison between molecular weights of different P3HT
factions in chloroform. GPC returned molecular weights values approximately
twice as large as determined by light scattering, attributed by the authors to the
aforementioned rigidity of P3HT compared to polystyrene.
A simple assessment of the conformation of polymer chains in solution can be
made with light scattering data. Lim et al. [26] investigated a different conjugated
polymer, polydiacetylene, in blends of chloroform and hexane. The former is
a good solvent for the polymer and solutions with a large chloroform fraction,
above 60%, have a small radius of gyration, indicating a coil-like conformation.
As the fraction of chloroform is reduced below 60% a marked transition occurs
and the radius of gyration increases by over four fold. Hexane is a nonsolvent
for polydiacetylene and this increase is consistent with the polymer adopting a
rod-like conformation. The Lim et al. study demonstrates how variations in the
radius of gyration provide information about chain behaviour and interactions
with the solvent.
4.3.3 Results
4.3.3.1 Refractive index increment
Refractive index increments, dn/dc, are required to calculate the value of K for
a given solvent. Values of dn/dc for P3HT in different solvents were determined
according to the method described in section 2.10 and are listed in table 4.1.
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The results presented here are of the same order of magnitude as dn/dc values
reported for P3HT in chloroform and tetrahydrofuran by Heffner et al. [187].
Table 4.1: Refractive index increment of P3HT in different solvents
Solvent
dn
dc
[×10−1 mL/g]
Chlorobenzene 2.009 ± 0.060
Dichlorobenzene 1.923 ± 0.057
Indan 0.821 ± 0.120
THN 2.490 ± 0.010
4.3.3.2 Molecular weight and radius of gyration
Figure 4.1 shows a representative example of the scattering intensity recorded
at a single detector for six different concentrations of P3HT in chlorobenzene.
Although stringent efforts, described in section 2.10, were made to exclude dust
from sample solutions, it is clear from noise on the detector trace that dust parti-
cles were present (in chlorobenzene and other solvent samples). Heavy smoothing
and spike removal options were therefore used in the ASTRA analysis software
to improve data quality. Nonetheless, data from some solutions was too noisy to
be used and was not included in the analysis.
Int
en
sity
 [A
U]
Time [AU]
Neat solvent 
baseline c1=0.10673mg/mL
c1
c2=0.22145mg/mL
c2
c3=0.33730mg/mL
c3
c4=0.43801mg/mL
c4
c5=0.55323mg/mL
c5
c6=0.62829mg/mL
c6 Neat solvent baseline
Polystyrene
Figure 4.1: Scattering intensity recorded at the θ = 90o detector for six increasing
concentrations of P3HT in chlorobenzene. The square sawtooth effect apparent in the
measurement of the neat solvent baseline occured when the vial containing the solvent
was rotated.
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The mean radius of gyration and weight average molecular weight determined
by light scattering of P3HT in different solvents are shown in table 4.2. An
example Zimm plot, used to determine these values, is shown in figure 4.2 for
P3HT in chlorobenzene.
Table 4.2: Light scattering characterisation of P3HT in different solvents
Solvent Rg [nm] Mw [kg/mol]
Chlorobenzene 56 ± 5 21.6 ± 1.5
Dichlorobenzene 37 ± 15 20.7 ± 4.5
Indan 47 ± 8 95 ± 20
THN 80 ± 13 242 ± 77
Figure 4.2: Zimm plot constructed for P3HT in chlorobenzene. The red line is the
extrapolated line of zero concentration and the green line is the extrapolated line of
zero angle. They intersect close to the (Kc/Rθ) axis. c1 = 0.10673 mg/ml,
c4 = 0.43801 mg/ml, c5 = 0.55323 mg/ml, c6 = 0.62829 mg/ml. Data for c2,3 was
rejected due to noise.
The light scattering experiments were performed on the same batch of P3HT
so we should expect, in the absence of aggregation, a similar molecular weight to
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be determined regardless of solvent choice. The chlorobenzene and dichloroben-
zene samples yielded molecular weights of ∼ 21kg/mol, about two thirds the
molecular weight determined by the supplier using GPC. Discrepancy with the
GPC value is not unexpected given the relative rigidities of P3HT and polystyrene
and agrees with the findings of Yamamoto et al. [188] (although disagrees with
Heffner et al. [187] who found the GPC and light scattering values to be matched
within 5%). We can calculate that chains in this batch are comprised on aver-
age of about 125 CRUs and, assuming a CRU length of 0.42nm [149], have a
mean chain length of around 50nm. Given this, the radii of gyration suggest that
P3HT chains do not aggregate and adopt a rod-like conformation in chloroben-
zene and dichlorobenzene. This is surprising as both are good solvents for P3HT
so the flexible coil conformation of chains found by Heffner et al. [187] is expected.
However, there is recent evidence that highly regioregular P3HT has a rod-like
conformation even in good solvents [189, 190]. Heffner et al. do not report the
regioregularity of their samples, although given that the publication date of 1991
predates the publication of the McCullough and the Rieke methods [146, 147] to
synthesise highly regioregular P3HT, it is probable that their samples had only
moderate regioregularity.
The molecular weights calculated for indan and THN solutions are greater
than 21kg/mol by up to an order of magnitude. There are two likely explanations
for this: either scattering from dust in these solutions has inflated the apparent
size of scattering sites or P3HT has aggregated in these solvents. Aggregation
of P3HT in solution is a common phenomenon due to pi-pi interactions between
thiophene rings on adjacent chains [181, 189]. Koppe et al. [181] have described a
schematic model of P3HT aggregation. Initially P3HT solutions are orange and
translucent and there is limited interchain interaction. As aggregation starts,
chains join until they have exhausted possible pi-pi sites. Subsequently these
aggregates interact with other chains and physically cross-link to form stacks of
chains. The solution retains roughly the same initial viscosity, but it is now dark
red. As the chain stacks grow they begin to form a physical network with other
aggregated stacks, leading to the formation of a very dark red gel. The gel is
thermoreversible on moderate heating. Gel formation was not observed at the
concentrations (≤ 0.6% by wt.) used for light scattering experiments, however
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it is observed in 3% by wt. indan and THN solutions after approximately 12
hours (it is not observed in chlorobenzene or dichlorobenzene solutions). It is
possible therefore that a modest degree of aggregation was present in indan and
THN solutions, manifest as an apparently increased molecular weight. The light
scattering molecular weight measurements therefore suggest that aggregate stacks
composed of an average of 5 and 12 chains are present in indan and THN solutions
respectively. At first glance, the radii of gyration determined for indan and THN
solutions appear too small compared to chlorobenzene and dichlorobenzene if
P3HT is aggregated in the former solutions. However Yamamoto et al. [189] point
out that the formation of stacked aggregates is unlikely to significantly increase
the radius of gyration because adjacent chains are only separated by around
3.8A˚. Therefore adding a chain to an aggregate stack makes only a negligible
contribution to the radius of gyration because it is two orders of magnitude lower
than the chain length.
4.4 P3HT thin film microstructure
This section details three complementary investigations to build up a complete
picture of the thin film microstructure of P3HT spun and printed from different
solvents. As the questions asked in this section relate to how solvent choice and
deposition method affect the microstructure, all samples here are analysed as
prepared without thermal annealing. Thus the contributions from the variables
under study are not convoluted with the usually favourable change of microstruc-
ture occasioned by heating.
4.4.1 Absorption characteristics
The method of Spano [175, 176] (applied by Clark et al. [177]) to determine,
from absorption spectra, the exciton bandwidth (related to the mean conjugation
length and crystalline quality) and percentage of the film composed of crystalline
aggregates was introduced in section 2.9.1. Figure 4.3 shows the normalised
absorbance spectra of P3HT spin coated on fused silica with different solvents.
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Figure 4.3: Normalised absorption spectra of P3HT spin coated (3% by wt.,
2750rpm) on fused silica substrates with different solvents.
The exciton bandwidth W , inversely related to the mean conjugation length,
can be estimated from the ratio of the 0-0 and 0-1 absorbance peaks according
to equation 2.6. Enhancing ordering within a polymer film will tend to increase
the mean conjugation length, so W is a useful metric of film crystalline quality.
W determined from the absorption spectra in figure 4.3 is shown as a function
of solvent boiling point in figure 4.4 (green circles, left axis). The percentage
of the film composed of aggregates can also be determined by comparing the
experimental spectrum to a theoretical spectrum (equation 2.7) which models
the effect of aggregation on vibronic intensities. An example theoretical fit was
shown in figure 2.9 for P3HT spin coated from indan. Percentage aggregate values
determined from the spectra in figure 4.3 are shown in figure 4.4 (blue squares,
rights axis).
A trend is evident in figure 4.4: as boiling point increases W decreases, sig-
nifying that the conjugation length is increased. Furthermore, the percentage of
the film composed of aggregates is increased with increasing boiling point. The
trend direction for both parameters agrees with Clark et al. [177] who also studied
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Figure 4.4: Exciton bandwidth W (green circles, left axis) and percentage of the
film composed of aggregates (blue squares, right axis) determined from absorption
spectra of spin coated P3HT on fused silica. (CL = chloroform; CB = chlorobenzene;
DCB = dichlorobenzene; IND = indan; THN = tetrahydronaphthalene)
P3HT spun from five different solvents. Chloroform is the only common solvent
between the work of Clark et al. and that reported here. Although Clark et al.
spun from solutions a third as concentrated as those used here, at an unspecified
spin speed and with a different batch of P3HT, we should nonetheless expect sim-
ilar results for chloroform films. There is good agreement between the chloroform
values of Clark et al. and those reported here: W ' 120meV and aggregate per-
centage was ' 40% according to Clark et al.; here it is found that W = 106meV
and aggregate percentage is 43.5%.
The normalised absorbance spectra of gravure printed P3HT from various
solvents is shown in figure 4.5(a). The spectra appears to be convoluted with
Fabry-Pe´rot interference, which is particularly noticeable towards 3eV. Nonethe-
less, the peak positions have not shifted compared to the spin coated spectrum.
The interference effect arises because the PES substrates used for gravure print-
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(a) Normalised absorption spectra.
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(b) Exciton bandwidth. (CL = chloroform; CB
= chlorobenzene; DCB = dichlorobenzene; IND
= indan; THN = tetrahydronaphthalene)
Figure 4.5: Absorption spectra and analysis of gravure printed P3HT (3% by wt.,
210 lines/cm) from various solvents on PES substrates.
ing are not perfectly flat, although it can be moderately reduced by sandwiching
the printed substrate between two glass slides. Since peak heights may be atten-
uated or increased by the wavelength dependent interference, lower confidence
must be attached to exciton bandwidth data extracted from the spectra. Fig-
ure 4.5(b) shows the same trend exists for gravure printed as with spin coated
P3HT, although it is less strong in this case (the aggregate percentage was not
computed because the interference effect would modify the results too strongly).
With high boiling point solvents, W is reduced compared to low boiling point
solvents, indicating that the mean conjugation length and therefore film order
has increased. Compared to spin coated films, the value of W of printed films
is notably reduced for low boiling point solvents, but slightly increased with the
highest boiling point solvent, THN. This suggests that, compared to spin coating,
gravure printing leads to better ordering of P3HT films from low boiling point
solvents. However, since for both printing and spin coating, lower values of W
can be obtained with high boiling point solvents, it remains preferable to use the
later for both deposition techniques.
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4.4.2 Grazing Incidence Wide Angle X-ray Scattering
Results of GIWAXS studies of P3HT thin films are discussed in this section.
First, the microstructure of spin coated P3HT on glass substrates is examined to
provide a “baseline” against which the microstructure on plastic substrates can
be compared. It is expected that the higher rigidity and planarity of glass over
plastic substrates will lead to a greater degree of order. Secondly, a comparison
is made between the microstructure of P3HT spun and gravure printed on plastic
substrates.
4.4.2.1 P3HT spin coated on glass substrates
GIWAXS images of P3HT spun at 2750rpm on to glass substrates from 3% by wt.
solutions of different solvents are shown in figure 4.6. In all five images, the (100),
(200) and (300) peaks can be clearly distinguished (by reference to figure 2.6 as a
guide). The presence of these features indicates that P3HT lamella are orientated
normal to the substrate. The (010) peak is also present, although scattering from
the substrate masks it somewhat in films spun from dichlorobenzene and indan.
The appearance of a semicircular ring above the (100) peak in the film spun
from THN is an experimental artefact. Due to time constraints, this sample
was mounted in the beamline within a solvent vapour annealing cell of the type
described by Amassian et al. [115]. The cell’s windows were made of Kapton,
a polyimide film of the DuPont Company with high X-ray transmittance, and
is responsible for the appearance of the single scattering ring. Since the cell
contained atmospheric air the measurement was otherwise unchanged.
Interchain and interlamella distances and microstructure figures of merit de-
termined from these images are presented in table 4.3. Their calculation is ex-
plained in detail in section 2.8. Briefly, the interchain and interlamella distances
are determined from the positions of the (100) and (010) peaks respectively. The
ratio of the (100) to the (200) peak intensity and the azimuthal width A(100) of
the (100) peak are both measures of film order. The average site scattering size
D(100) is calculated using the Scherrer equation (equation 2.5) from the breadth
and position of the (100) peak.
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Figure 4.6: GIWAXS images of P3HT thin films spun at 2750rpm on to glass
substrates from 30mg/ml solutions of different solvents.
From the literature, we may expect the interchain distance d(100) to be ap-
proximately 16.6A˚ and the interlamella distance d(010) to be approximately 3.8
to 3.9A˚ [149, 150]. With the exception of films spun from chloroform, there is
agreement within experimental error, that d(010) ≈ 3.8A˚. There is less agreement
over d(100) values, which cover a range of ±0.4A˚ centred at ∼ 16.1A˚.
The average crystallite size and the degree of film disorder (chain torsion, as
measured by the azimuthal width of the (100) peak) are graphed against solvent
boiling point in figure 4.7. There is a clear trend that the former increases whilst
the later decreases as the boiling point is raised. That film order and crystallinity
is enhanced by spinning P3HT from high boiling point solvents replicates the re-
sult of Chang et al. [109] who used grazing incidence X-ray diffraction to compare
chloroform (bp. 61oC) and trichlorobenzene (bp. 218oC) as casting solvents. The
lessening of chain torsion (as measured by a reduction of A(100)) with high boil-
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Table 4.3: Interchain and interlamella distances and microstructure figures of merit
determined from GIWAXS images of P3HT thin films spun at 2750rpm on glass
substrates from 30mg/ml solutions of different solvents.
Solvent d(100) d(010)
I(100)
I(200)
D(100) A(100)
[A˚] [A˚] [nm] [o]
Chloroform 16.31 ± 0.09 4.24 ± 0.10 15.1 9.7 41.5
Chlorobenzene 15.76 ± 0.08 3.80 ± 0.09 20.0 12.4 36.6
Dichlorobenzene 16.55 ± 0.09 3.73 ± 0.06 6.9 14.7 45.5
Indan 15.77 ± 0.08 3.79 ± 0.03 11.8 11.8 33.8
THN 16.07 ± 0.09 3.82 ± 0.02 22.5 22.4 31.35
ing point solvents strongly supports the view that lengthening the time until the
casting solvent is evaporated affords P3HT greater opportunity to self-organise.
A finding of D(100) ≈ 10nm for films spin coated from chloroform agrees very
closely with previous literature reports on P3HT spun from this solvent [34, 191].
This gives confidence that the Scherrer analysis performed here is able to compute
the absolute scattering site size, rather than just the relative variations between
samples. Light scattering measurements (section 4.3.3) determined that the mean
chain length of P3HT used in this work is 50nm. Because the average crystallite
size is between a fifth and a half of the chain length (in films spun from chloroform
and THN respectively), it is likely that any individual chain contributes to more
than one crystallite scattering site. Therefore, we may consider the average site
scattering size D(100) to be the mean scale length of correlated crystallite order
in the film. In this scheme, the film is made up of crystallite domains separated
by amorphous regions in which chains thread between the different domains they
contribute to. The enlargement of crystallite domains in the film as the casting
solvent boiling point is increased is evidence that longer evaporation times allow
P3HT greater opportunity to self organise in to an ordered lamella structure.
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Figure 4.7: Average crystallite size and azimuthal width of the (100) peak against
solvent boiling point, determined from GIWAXS images of spin coated P3HT on glass
substrates. (CL = chloroform; CB = chlorobenzene; DCB = dichlorobenzene; IND =
indan; THN = tetrahydronaphthalene)
4.4.2.2 Comparison of spin coated and gravure printed P3HT on
plastic substrates
There are no literature reports of GIWAXS (or related X-ray scattering tech-
niques) used as a method to probe the thin film microstructure of P3HT on
plastic substrates. The microstructure is known to be sensitive to substrate pa-
rameters, so it cannot be assumed that the microstructure on plastic substrates
it is the same as it is on glass or silicon dioxide. Yet knowledge of the microstruc-
ture on plastic substrates and how it is influenced by deposition parameters is
important for the development of organic electronic devices on flexible substrates.
This section uses GIWAXS to investigate the microstructure of P3HT thin films
on PES substrates, cast from different solvents, and compares spin coating and
gravure printing as deposition techniques.
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Table 4.4: Interchain and interlamella distances and microstructure figures of merit
determined from GIWAXS images of P3HT thin films spun and gravure printed on
plastic substrates from 3% by wt. solutions of different solvents.
Solvent Method d(100)
I(100)
I(200)
D(100) A(100)
[A˚] [nm] [o]
Chloroform Spin coated 16.49 ± 0.15 2.36 16.2 ± 0.4 64.2 ± 3.2
Chlorobenzene Spin coated 16.80 ± 0.09 1.80 12.4 ± 0.1 60.1 ± 3.1
Dichlorobenzene Spin coated 16.60 ± 0.25 1.94 18.5 ± 0.7 58.3 ± 3.5
Indan Spin coated 16.24 ± 0.17 1.63 23.9 ± 0.1 46.9 ± 3.1
THN Spin coated 16.54 ± 0.09 2.64 34.9 ± 1.7 37.8 ± 1.0
Chloroform Printed 16.44 ± 0.03 1.67 7.5 ± 0.5 71.1 ± 3.1
Chlorobenzene Printed 16.72 ± 0.05 1.86 15.0 ± 0.2 42.8 ± 0.5
Dichlorobenzene Printed 16.14 ± 0.02 1.97 16.8 ± 0.3 53.7 ± 1.7
Indan Printed 16.26 ± 0.10 1.98 14.8 ± 0.1 42.8 ± 0.9
THN Printed 16.56 ± 0.05 2.49 32.8 ± 0.7 37.8 ± 0.4
In the GIWAXS geometry, substrate flatness is crucial to record an experimen-
tally useful image. Plastic substrates therefore present a particular challenge. To
enhance planarity for GIWAXS measurements, plastic substrates were mounted
on to a glass substrate after thin film deposition. Vaseline (petroleum jelly) was
used to bind the plastic to the glass substrate. Glue would not have been a suit-
able adhesive as it may have contracted on drying or reacted undesirably with
the plastic substrate.
The PES substrates were strong scatterers and the substrate signal over-
whelmed the weak (200), (300) and (010) peaks. It was not therefore possible
to extract the interlamella distance from the (010) position. However, the other
parameters of interest could still be computed from the (100) peak. GIWAXS
images of the (100) peak of P3HT spun and gravure printed from 3% by wt. so-
lutions of different solvents on to PES plastic substrates are shown in figure 4.8.
Spin coating was performed at 2750rpm for 30 seconds whilst gravure printing
used a 160 lines/cm printing plate. The shape of the (100) peak in all images is
strongly suggestive that P3HT lamella are orientated normal to the substrate.
For each sample, a series of GIWAXS images were recorded of the scattering
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Figure 4.8: GIWAXS images of the (100) peaks of P3HT thin films on PES
substrates. Films were deposited either by (a → e) spin coating or (f → j) gravure
printing from 3% by wt. solutions of different solvents.
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from five different points. Thus, any images which were affected by dust or local
scratching of the sample could be detected and excluded from the analysis. Mean
values of the interchain and interlamella distances and microstructure figures of
merit for each sample type are presented in table 4.4.
The interlamella distances, d(100), are clustered around 16.6A˚ as expected.
Whilst there is no overall trend with casting solvent boiling point, d(100) values
are approximately the same for a given casting solvent whether the film was
deposited by spin coating or gravure printing.
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Figure 4.9: Azimuthal width of the (100) peak and average crystallite size against
solvent boiling point, determined from GIWAXS images of spin coated and gravure
printed P3HT thin films on PES substrates. (CL = chloroform; CB = chlorobenzene;
DCB = dichlorobenzene; IND = indan; THN = tetrahydronaphthalene)
The average crystallite size D(100) and azimuthal width of the (100) peak A(100)
are graphed against solvent boiling point in figures 4.9(a) and 4.9(b) respectively.
For both spin coated and gravure printed P3HT on PES substrates, the over-
all trend directions are the same as they were for P3HT spin coated on glass
substrates. Raising the casting solvent boiling point tends to increase the aver-
age crystallite size and decrease the film disorder (as measured by the azimuthal
width of the (100) peak).
The average crystallite size trend is in fact comprised of two regions: a low
boiling point range up to 175oC in which the crystallite size is approximately
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15nm and only weakly a function of solvent boiling point; and a high boiling point
range in which the crystallite size is appreciably enlarged with increasing solvent
boiling point. Both spin coated and gravure printed films follow this common
trend, although the average crystallite size of spin coated films is typically greater
than that of printed films at the same solvent boiling point. In contrast, figure
4.9(b) suggests that it is gravure printed films which have lower chain torsion.
In this interpretation, charges encounter more grain boundaries in printed films,
but between the boundaries, the grains are more ordered.
A notable outlier is the very small crystal grain size associated with the P3HT
film printed from a chloroform solution, about half that of a spin coated film from
the same solution. In both techniques, the volatility of chloroform leads to very
low evaporation times. But in the case of gravure printing, before the solvent is
evaporated the solution must be spread by the doctor blade across the printing
plate and then transferred to the substrate. The rapidity of chloroform evapora-
tion means that the solution is likely to be significantly more concentrated by the
time transfer occurs than it was as prepared. Thus the remaining evaporation
time on the substrate, during which P3HT self-organisation can occur, is reduced
even further.
4.4.3 Atomic Force Microscopy
To further investigate the microstructure, tapping mode atomic force microscopy
(AFM) was performed on the same P3HT films which were studied using GI-
WAXS in the previous section (section 4.4.2.2). Care was taken to ensure that
AFM measurements were made on parts of the sample which had not been di-
rectly exposed to the beamline.
Topography and amplitude images of the spin coated and gravure printed
P3HT films on PES substrates are shown in figure 4.10. Generally all films have
an isotropic and granular appearance, with films spun from higher boiling point
solvents having more evident and defined features. All films have an r.m.s. rough-
ness of 8±2nm, independent of solvent choice and deposition method. Note that
the rod-like morphology of P3HT is only manifest in P3HT films with molecular
weights an order of magnitude smaller than that studied here (Mw=31.4 kg/mol
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Figure 4.10: 1µm×1µm tapping mode AFM images of P3HT films, spin coated and
gravure printed from different solvents, on PES substrates. The vertical scale height
is 50nm, except for the film spin coated from chloroform, where it is 80nm. The
expanded scale is required because of a 45nm deep pin hole. The films spin coated
and printed from chlorobenzene contain aggregates which are 35nm high. This AFM
was performed on the same films studied by GIWAXS in section 4.4.2.2.
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by GPC). For instance, Kline et al. [152] reported a rod like structure for an as
prepared Mw=3.2 kg/mol film and a structure similar to that presented here for
an Mw=31.1 kg/mol film. Both films in the Kline et al. study were spin coated,
although the casting solvent was not specified. Chang et al. [109] compared
P3HT (Mw=37 kg/mol) films spun from chloroform and the high boiling point
trichlorobenzene (bp. 218oC). They found a similar granular structure in films
spun for chloroform as that in figure 4.10, but in the film spun from trichloroben-
zene they were able to resolve well defined nanoribbons. The authors attribute
this greater ordering to the longer solvent evaporation time. However, in figure
4.10 no such nanoribbons are present in the film spun from THN, which has an
almost equal boiling point to trichlorobenzene. As a check, tapping mode AFM
was additionally performed on a P3HT film spun from trichlorobenzene. It had
a similar structure to that of the film spun from THN and no nanoribbons could
be resolved. The presence of nanoribbons in the film of Chang et al. and their
absence here is most likely because the film in the former was annealed for ten
hours and spun on glass, whilst the films here are as prepared and spun on a PES
substrate.
Although the films spun and printed from chloroform appear to be featureless,
it is nonetheless possible to resolve features of typical diameter 10nm in the x-y
plane. As the solvent boiling point is raised, the size of these features expands
to around 25nm (figure 4.11). The feature size was determined as the average of
at least ten measurements across the image, with the standard deviation as the
error. There is some correlation with the feature size determined by AFM and the
crystallite size determined from GIWAXS: the trend with solvent boiling point is
in the same direction and the values range from 10 to 25nm and 10 to 35nm for
AFM and GIWAXS respectively. However they are measures of different aspects
of the film. The AFM feature size is a measurement on the film surface, whilst
the GIWAXS crystallite size is a measure of the extent of correlated order normal
to the film surface. Yet in both cases, the enlargement as boiling point is raised
may be attributed to the longer evaporation time of high boiling point solvents
which allow more time for self organisation to occur.
Within experimental error, the feature sizes of spin coated and gravure printed
films are the same for a given solvent. This also follows the trend of crystallite
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Figure 4.11: Mean feature sizes determined from tapping mode AFM of P3HT spin
coated and gravure printed from different solvents.
size determined from GIWAXS, for which values of spin coated and printed films
were closely matched. Taken together, this indicates that the formation of crystal
domains in P3HT is influenced by the solvent choice, but is surprisingly indepen-
dent of thin film deposition method.
4.5 OFET characteristics
This section describes the field-effect transistor characteristics of P3HT spun
and printed from different solvents. As a baseline, the characteristics of devices
prepared by spin coating on Si/SiO2 substrates are presented first. Next, the
characteristics of devices prepared by spin coating and gravure printing on PES
substrates are presented. All devices were prepared in ambient and transferred to
a nitrogen glovebox for testing as described in section 2.3. Due to the photosensi-
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tivity of P3HT, testing was performed in the dark. To enable a direct comparison
with the films used for microstructure studies, the same substrate material is used
and the devices are tested as prepared, without thermal annealing.
4.5.1 Baseline characteristics
P3HT transistors were made in the bottom gate, bottom contact configuration
on substrates with pre-patterned interdigitated gold source and drain electrodes.
The workfunction of gold, 5.1eV, is sufficiently closely matched to the HOMO
level of P3HT, 4.9eV, that we may expect an ohmic contact to be formed. The
substrates consisted of heavily doped silicon as the gate contact and a 200nm
thermally grown oxide layer as the gate insulator (no substrate surface treatment
was used). The P3HT thin films were spun from 3% by wt. solutions at 2750rpm.
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Figure 4.12: Representative baseline spin coated P3HT FETs on Si/SiO2 substrates
in the bottom gate, bottom contact geometry. Devices are as prepared without
thermal annealing. The channel length was 20µm. (CB = chlorobenzene
(representative of two devices); DCB = dichlorobenzene (four devices); IND = indan
(one device); THN = tetrahydronaphthalene (four devices))
It was not possible to obtain transistor action in the device spun from a
chloroform solution without annealing. Typical transfer characteristics of the
other unannealed devices are shown in figure 4.12(a). FETs spun from 1,2-
dichlorobenzene, indan and THN have a common “off” current of around 2×10−8A,
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whilst the “off” current of the FET spun from chlorobenzene is substantially lower
(5×10−12A). High “off” currents, of the order of 10−8A, are expected for unan-
nealed devices prepared in ambient due to contributions from oxygen doping and
residual solvent. The low “off” current of the chlorobenzene device is therefore
surprising. A candidate explanation is that a fresh bottle of chlorobenzene was
used to prepare the solution, so was not saturated with atmospheric dopants.
The field-effect mobility varies over two orders of magnitude between the
device spun from chlorobenzene and the device spun from THN (figure 4.12(b)).
Generally the field-effect mobility is raised as the solvent boiling point is increased,
a trend Chang et al. [109] and Bao et al. [157] have previously reported, although
the low mobility of indan devices is a notable outlier. The mobility of the device
spun from THN, 0.08cm2/Vs, is only slightly lower than the highest mobility, 0.12
cm2/Vs reported by Chang et al. for a similar P3HT device (bottom gate, top
contact on Si/SiO2 substrates) spun from trichlorobenzene. This is particularly
notable because the Chang et al. devices were thermally annealed and made use
of a hexamethyldisilazane (HMDS) surface treatment.
4.5.2 Comparison of spin coated and gravure printed P3HT
FETs on plastic substrates
ITO
Al
P3HT
PMMA
ITO
Figure 4.13: Device
architecture used to
compare spin coated
and gravure printed
P3HT as the active
layer in transistors.
To compare spin coated and gravure printed P3HT as the
active layer in transistors (deposited from solutions with a
range of solvent boiling points), devices were fabricated in
the top gate bottom contact geometry on flexible PES sub-
strates. ITO was pre-patterned on the substrates to form
interdigitated source and drain electrodes of length 50µm
and width 1.3mm. Following deposition of an approxi-
mately 100nm P3HT thin film by either spin coating or
gravure printing in ambient, the devices were transferred
to a nitrogen glovebox and completed by spin coating a
500nm layer of PMMA as the insulator and the evapo-
ration of an aluminium gate electrode (figure 4.13). For
consistency with the microstructure studies, the thermal budget of the devices
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was minimised: they were not annealed after P3HT deposition nor baked after
PMMA deposition. There was however a degree of unavoidable heating during
aluminium evaporation. Furthermore, the same P3HT batch was used at the
same concentration (3% by wt.) with the same deposition parameters as the
microstructure studies (spin coating: 2750rpm for 30 seconds; gravure printing:
210 lines/cm printing plate).
The top gate bottom contact geometry was chosen since the microstructure
studies described previously (GIWAXS and AFM) provided information princi-
pally about the top most layers of the P3HT film. In this geometry, those top
layers from the crucial conducting channel of the transistor.
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Figure 4.14: Comparison of the linear mobility (Vd = -10V) of P3HT transistors in
the top gate bottom contact geometry where the active layer was deposited either by
spin coating or gravure printing from a range of solvents. There was a low yield of
working devices so it is not possible to draw firm trends from the data. (CL =
chloroform); CB = chlorobenzene; DCB = dichlorobenzene; IND = indan; THN =
tetrahydronaphthalene)
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There was a very high device failure rate (typically two working devices for
eight fabricated). High leakage currents and misalignment of the gate and source
and drain electrodes were the principal failure modes. The high leakage currents
are likely due to residual solvent in the P3HT layer interacting with the overlying
PMMA layer (usually, this residual solvent would be removed during thermal
annealing). The misalignment of the gate and source and drain electrodes oc-
curred because the alignment of the device and the gate mask was performed by
eye. Additionally, devices may have moved when they were mounted into the
evaporator. Figure 4.14 shows the linear mobility computed from the transfer
characteristics of working devices∗: for spin coated devices there is no clear trend
with solvent boiling point, for gravure printed devices the linear mobility appears
approximately invariant with solvent boiling point.
For spin coated devices this is a surprising result given the well established link
between raising casting solvent boiling point and raising field-effect mobility [109,
157] and the replication of that result for unannealed P3HT on Si/SiO2 substrates
in section 4.5.1. It is also an unexpected result for gravure printed devices given
the observations in Chapter 4 that using higher boiling point solvents led to
substantially smoother and more uniform films. The large intra sample variation
and low fraction of working devices prevents reliable conclusions being drawn
from this experiment.
4.6 Conclusions
In summary, the microstructure and transistor performance of P3HT thin films
has been investigated as a function of solvent choice for two fabrication methods
(spin coating and gravure printing). The impact of solvent choice was considered
from two angles: using a light scattering technique to probe the P3HT chain
conformation and aggregation in the casting solution and as a function of solvent
boiling point.
A baseline study of spin coated P3HT was performed on glass and Si/SiO2
substrates. This part of the chapter largely replicates the previous work of Chang
∗No working devices were achieved where the P3HT film was spin coated from a THN
solution.
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et al. [109] (although in this chapter the P3HT was not annealed). GIWAXS
measurements indicated that as the casting solvent boiling point was raised, the
crystallite size was enlarged and the chain torsion was reduced (figure 4.7), the
latter being suggestive of a more extended conjugation length. Indeed, absorption
measurements showed that as the solvent boiling point was increased the exciton
bandwidth, inversely proportional to the conjugation length, decreased (figure
4.4). In turn, this microstructural enhancement was found to correlate with
higher field-effect mobilities (figure 4.12(b)). The trend of higher mobility with
higher boiling point solvents is well established, however there exists a broader
debate in the literature on P3HT transistors regarding whether charge transport
is limited by grain barrier hopping or by amorphous regions (section 1.4.6). That
mobility is enhanced when the crystallinity of the P3HT is improved is evidence
that the transport is limited by amorphous regions, of which fewer are encountered
in more ordered systems.
A comparison of spin coated and gravure printed P3HT was performed on PES
substrates. Experimentally useful GIWAXS images of P3HT were achieved on
these substrates (figure 4.10) and films deposited from both techniques demon-
strated larger crystallite sizes (figure 4.9(a)) and reduced chain torsion (figure
4.9(b)) as the solvent boiling point was raised. An attempt was made, using
absorption spectroscopy, to verify whether the chain torsion reduction trans-
lated to an increased conjugation length, as it did for spin coated P3HT on
glass substrates. An interference resonance prevented a full analysis, however
figure 4.5(b) shows the reduction of exciton bandwidth in gravure printed P3HT
on PES substrates with increasing solvent boiling point. AFM imaging (figure
4.10) showed superficially isotropic and granular P3HT film surfaces, even for
films cast and printed from high boiling point solvent solutions (Chang et al.
[109] found a markedly fibrillar structure for P3HT cast from the high boiling
point trichlorobenznene). Nonetheless, the mean feature size on the surface of
both spin coated and gravure printed films was found to enlarge with increas-
ing solvent boiling point (figure 4.11), in agreement with the GIWAXS data on
crystallite size. It was not possible to test the correlation of this enhanced film
crystallinity to the field effect mobility due to the difficulty of fabricating working
devices without thermal annealing (section 4.5.2).
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The absolute values of crystallite size and chain torsion determined from GI-
WAXS were generally closely matched for spin coated and gravure printed films
for a given solvent. This is surprising given the different dynamic processes in-
volved in the two techniques. In particular, the rapid rotation of samples during
spin coating would be expected to decrease the crucial solvent evaporation time,
thereby allowing less time for self-organisation to occur. In gravure printing, the
solvent is allowed to evaporate from the film without forcing. This may however
be balanced by the need for adjacent printed drops to coalesce to form a smooth
film, a requirement which is evidently not present in spin coating. Therefore
before the solvent evaporates, two processes must occur in gravure printed films:
adjacent drops must coalesce and internally, chains must self-organise to form an
ordered structure.
A study of P3HT in different solvent solutions was performed by static multi-
angle light scattering (section 4.3.3). In the studied solvents (chlorobenzene,
1,2-dichlorobenzene, indan and THN), P3HT adopts a rod like conformation. In
indan and THN there is evidence that aggregation occurs and the chains stack
into groups of on average 5 and 12 chains respectively. It is tentatively suggested
that the packing occurs such that there is good pi-pi electron overlap. It is possible
that films developed from these solutions have a higher degree of crystallinity and
order not just because they are high boiling point solvents which allow longer
for self organisation to occur, but also because a degree of self-organisation has
occurred in the solution before casting.
4.7 Suggested future work
In the first instance, future work should be focussed on fabricating working P3HT
transistors on PES substrates without thermal annealing. This will give fur-
ther insight into the relationship between microstructure and charge transport in
P3HT in spin coated and gravure printed devices. Due to the problems of residual
solvent in the P3HT layer affecting the overlying PMMA layer, the devices should
be held in a vacuum for at least 12 hours after P3HT deposition. This should
allow the residual solvent to escape, whilst preserving the P3HT microstructure
as prepared.
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Chapter 5
Improving the thin film
microstructure of P3HT using
solvent mixtures and vapour
treatment
In this chapter two solvent based methods to enhance the microstruc-
ture of P3HT are investigated. Both aim to reduce or eliminate the
requirement for thermal annealing to improve microstructure. The
first of these employs a mixture of a high and a low boiling point sol-
vent to dramatically extend the solvent evaporation time. The second
technique, studied by in situ GIWAXS, is to expose a film to solvent
vapour after film deposition to lengthen the time in which self organi-
sation can occur.
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5.1 Introduction
In Chapter 3, gravure printing was demonstrated as a high throughput tech-
nique to fabricate P3HT field-effect transistors. Other printing techniques are
also being actively investigated by researchers to fabricate organic electronics de-
vices, with interest in part attracted by the promise of similar high throughput
manufacturing. However many of the devices which are demonstrated, including
those in Chapter 4, require lengthy thermal annealing after printing (typically
30 minutes to four hours). This step is evidently incompatible with the high
throughput manufacturing which is targeted. In particular, it would negate the
efficiency advantages of roll-to-roll manufacturing.
In this chapter, two solvent based techniques are investigated to improve
the thin film microstructure of P3HT without thermal annealing. This may
be achieved by extending the period in which P3HT is able to self organise or
by improving the efficiency of self organisation. The first of these methods is to
use a mixture of a high and low boiling point solvent to cast P3HT. The second
technique is to expose the film after deposition to a solvent vapour. The solvent
is absorbed by the film, which becomes essentially a very highly viscous solution,
allowing the film a further opportunity for self-organisation.
A single batch of P3HT (Mw = 31.4kg/mol (GPC), Mn = 18.0kg/mol, RR =
94.7%) is used throughout this chapter. It was chosen to have a molecular weight
close to the batches found to have optimal gravure printing behaviour in Chapter
3.
5.2 P3HT in solvent mixtures
Mixtures of a high and lower boiling point solvent have been used to enhance the
crystallinity of P3HT and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
blends for photovoltaic devices [192–194]. Recently, solvent mixtures (also of a
high and low boiling point solvent) have been used to gravure print smooth and
uniform films of PEDOT:PSS and a light emitting polymer (LUMATION Green
1300) which could not be printed from a pure solvent solution [142].
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Improved performance in P3HT:PCBM OPV devices when spin coating from
a solvent mixture is attributed to the higher boiling point solvent allowing P3HT
to crystallise, either because the evaporation time is extended or because it redis-
tributes PCBM in the film such that P3HT chains may self organise [192–194].
Evidently, the complexity of the four component situation when spin coating
P3HT:PCBM blends in a solvent mixture is reduced when casting only P3HT in
a solvent mixture.
The improvement in thin film uniformity when gravure printing a single poly-
mer from an appropriate solvent mixture was ascribed to achieving a balanced
Marangoni forces∗ which may otherwise pull the solute inwards during solvent
evaporation [142].
The aim of this section is to investigate whether P3HT microstructure and
FET performance can be similarly improved by spin coating from a mixture
of 1,2,4-trichlorobenzene (TCB), a good solvent for P3HT with a high boiling
point (b.p. 214oC), and pentan, an extremely low boiling point solvent (b.p.
36.1oC). The microstructure of P3HT spun on glass from TCB:pentan mixtures
was studied using GIWAXS (to determine crystallite size and degree of ordering)
and absorption spectroscopy (to determine relative conjugation lengths). The
FET performance was examined in the bottom gate - bottom contact geometry on
Si/SiO2 substrates. The initial aim was to systematically compare films spun from
TCB:pentan prepared in a range from 100% TCB (0% pentan) to 0% TCB (100%
pentan) in 25% increments (five different films). This range was chosen because
for single polymer component in solvent mixtures, the optimum mixture ratio was
found to be approximately equal parts of both solvents [142]. In practice the 0%
TCB mixture was too volatile for spin coating and the 25% TCB mixture did not
produce a uniform film of sufficient quality for GIWAXS or absorption studies
(although, it was possible to produce a FET with this film). Therefore only
films spun from 100%, 75% and 50% TCB (0%, 25%, 50% pentan respectively)
mixtures were suitable for GIWAXS measurements. As thermal annealing would
modify the microstructure, the films were analysed as spun without annealing.
∗The Marangoni force acts to draw a liquid up a surface tension gradient.
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5.2.1 Microstructure
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Figure 5.1: GIWAXS scans and analysis of P3HT films spun from solvent mixtures
containing 100%, 75% and 50% TCB (0%, 25%, 50% pentan respectively).
GIWAXS images of P3HT films spun from solvent mixtures containing 100%,
75% and 50% TCB (0%, 25%, 50% pentan respectively) indicated that lamella in
these films were orientated normal to the substrate. Figure 5.1(a) shows in-plane
2θ scans of the three films. The breadth of the (100) peak is slightly contracted
as the fraction of TCB in the mixture is reduced which, following the Scherrer
equation (equation 2.5), corresponds to a greater crystallite size in figure 5.1(b).
The azimuthal width of the (100) peak, a proxy for chain torsion disorder, is
also shown in figure 5.1(b). It is lowest when the film is spun from 100% TCB,
suggesting that this film is comprised of smaller, but more ordered crystallites,
than the films spun from solvent mixtures of 75% and 50% TCB.
As the range under study was restricted by the volatility of mixtures con-
taining a large fraction of pentan, a film of 95% TCB (5% pentan) was included
for absorption spectroscopy measurements. This ratio was chosen to additionally
study the effect of pentan as an additive to TCB, rather than a major component
of the system. It was not possible to obtain a GIWAXS image of this film due to
beamtime scheduling constraints.
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Figure 5.2: Absorption spectra and exciton bandwidth of P3HT films spun from
solvent mixtures containing 100%, 95%, 75% and 50% TCB (0%, 5%, 25%, 50%
pentan respectively).
The normalised absorption spectra of P3HT films spun from solvent mixtures
containing 100%, 95%, 75% and 50% TCB are shown in figure 5.2(a). The ex-
citon bandwidth W , determined according to equation 2.6 from the ratio of the
0-0 and 0-1 absorbance peaks, is shown in figure 5.2(b) as a function of the per-
centage of TCB in the solvent mixture. W can be expected to decrease as the
conjugation length and film order increases [177]. Thus the films spun from 100%
and 75% TCB mixtures appear to have equal P3HT conjugation lengths, whilst
the films spun from 95% and 50% TCB mixtures have relatively smaller conju-
gation lengths. This does not correlate with GIWAXS results, which suggested
that a film spun from a 75% TCB mixture has notably greater chain torsion than
from 100% TCB (azimuthal width, figure 5.1) and therefore a lower conjugation
length.
5.2.2 OFET characteristics
Figure 5.3(a) shows the transfer characteristics of FETs with a P3HT active layer
spun from solvent mixtures containing 100%, 95%, 75% 50% and 25% TCB. The
FETs were fabricated in the bottom gate - bottom contact geometry on untreated
Si/SiO2 substrates. Interdigitated gold source and drain electrodes, of channel
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length 10µm and width 1mm, had been pre-patterned on the substrate. Extracted
saturated mobilities and on/off ratios are graphed as a function of the percentage
of TCB in the solvent mixture in figure 5.3(b).
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Figure 5.3: Transfer characteristics and figures of merit for P3HT FETs spun from
solvent mixtures containing 100%, 95%, 75%, 50% and 25% TCB (0%, 5%, 25%, 50%,
75% pentan respectively).
The saturated mobility and on/off ratio peak at 95% TCB, although for mix-
tures containing above 75% TCB these parameters appear to be only weakly a
function of the TCB percentage. The transfer characteristics of films spun from
50% TCB and 25% TCB are evidently degraded and this is manifest as poorer
figures of merit. This suggests that the addition of pentan as an additive (95%
TCB, 5% pentan) is more beneficial to FET performance than larger fractions
(25% pentan and above).
5.2.3 Discussion
Increasing the fraction of the low boiling point pentan in the mixture can be
expected to reduce the crucial evaporation time during which P3HT self organ-
isation may occur. Therefore, that the FET performance of devices spun from
a mixture containing 95% TCB (5% pentan) exceeds the performance of devices
spun from 100% TCB (0% pentan) suggests that the addition of pentan helps
self organisation despite lowering the evaporation time. In the three component
system of TCB:pentan:P3HT it is possible that small fractions of pentan lead to
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a better distribution of P3HT chains for self-organisation, whilst the larger frac-
tion of TCB allows sufficient evaporation time for this to occur. As the fraction
of pentan is increased, the benefit of improved chain distribution is offset by the
much shortened evaporation time.
Whilst higher FET mobilities in principle correlate with improved microstruc-
ture, in this case the correlation with GIWXAS and absorption spectra data is
not clear. The latter suggest that films spun from 95% TCB (5% pentan) have
a lower conjugation length than films spun from 75% TCB and 100% TCB. GI-
WAXS data indicates that above 50% TCB, the higher the percentage of TCB
in the solvent mixture, the smaller the crystallite size. As grain boundaries are a
barrier to charge transport, it would be expected to lead to a lower FET mobilitiy.
5.2.4 Conclusions and future work
Whilst the FET data points to the use of pentan as an additive in TCB (in the
ratio 95:5 TCB:pentan) to improve device performance, the microstructure data
does not show a corresponding improvement in film ordering.
Future work should more closely concentrate on the range around which the
addition of pentan appears to have a beneficial effect (pentan fractions of 25%
or less in the mixture with TCB). Ideally, GIWAXS would be performed in this
range to give greater information on the microstructure in this regime.
It has been speculated that the addition of small quantities of pentan dis-
tributes P3HT chains such that self organisation is more efficient. To explore
this claim, it would be useful to examine light scattering of P3HT in these sol-
vent mixtures, compared to the case of 100% TCB. The radius of gyration and
apparent molecular weight in different solvent mixtures can be indicative of the
chain behaviour in these solutions.
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5.3 Solvent Vapour Treatment
Solvent vapour treatment (SVT, also known as solvent vapour annealing∗) has
been proposed as an alternative to thermal annealing as a means of enhancing
the microstructure of organic thin films after deposition. During thermal anneal-
ing the cumulative thermal load on plastic substrates and sensitive organic films,
particularly underlying layers in multilayer devices, can be damaging. As it is
a room temperature process, it is hoped that SVT can have the same beneficial
impact on microstructure as thermal annealing whilst abridging the thermal load.
Thermal annealing can also be a time consuming fabrication step, which poten-
tially limits the use of a set of organic materials in the envisaged mass production
of organic electronic devices. For some materials, an SVT processing step may
be shorter than a thermal annealing step.
There are encouraging literature reports on the use of SVT. Dickey et al.
[195] observed a dramatic microstructure transition from amorphous to highly
crystalline on exposure to solvent vapour (1 to 10 minutes) in thin films of the
organic small molecule triethylsilylethynyl anthradithiophene. In turn, this was
found to correlate with improved field-effect transistor mobility. The insoluble
molecule pentacene was found by Amassian et al. [115] to undergo a solid-solid
phase transition between a thin film and a bulk phase when exposed to acetone.
In this section, SVT is investigated as a method to improve the microstructure
and field-effect mobility of P3HT thin films. In situ GIWAXS measurements were
made to study the dynamic interaction of the solvent vapour with the film during
SVT. P3HT films were prepared in a cleanroom by spin coating at 2750rpm
from a 3% by wt. chlorobenzene solution on to glass substrates to develop a
100nm layer. The samples were not thermally annealed before SVT. Figure 5.4
shows the experimental setup. The SVT cell for in situ GIWAXS measurements
was designed by Dr Detlef Smilgies (CHESS, Ithaca NY) and is described in
references [114, 115]. It consisted of a sample stage in an airtight enclosure
with an inlet for injecting solvent, an inlet for helium gas and a fume outlet
tube. The beam was incident on the sample through a Kapton window, which
∗Treatment as opposed to annealing is used in this thesis since annealing implies the process
is purely analogous to supplying thermal energy to the sample.
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Figure 5.4: Cross section of the SVT cell for in situ GIWAXS measurements. The
X-ray beam, incident on the sample, is normal to the page and enters and exits the
cell through the Kapton windows.
is transparent to X-rays, and the scattered rays exited the cell through a second
Kapton window. The solvent vapour atmosphere was created by injecting ∼2ml
of solvent into the base of the cell and closing the other inlets and outlets (t = 0).
The solvent evaporated to create a solvent rich atmosphere at a rate determined
by the vapour pressure and temperature (∼25oC). The sample was maintained
in this environment for 350 to 950s, depending on the rate of solvent uptake by
the film. The solvent vapour was then removed and the film dried by opening
the helium inlet (mediated by a gas flow controller for reproducibility). The
helium flow was maintained for approximately 750s to ensure the solvent was
completely removed. To analyse the effect of SVT on a sample, four GIWAXS
images were taken at different points on the sample before it was exposed to the
solvent vapour and four images were taken at the same points after exposure and
drying in helium was complete. At a separate point on the sample, GIWAXS
images were recorded every ten seconds during solvent exposure and then drying
for a time resolved series of in situ GIWAXS images of the SVT process. It
was important that in situ monitoring be performed on a different sample site to
the “before” and “after” images in case radiation damage occurred, which would
confuse the apparent microstructure change as a result of SVT. AFM images were
taken of the samples after SVT to check whether the treatment had induced a
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morphological change by comparing to a P3HT film which was prepared under
the same conditions, but had not been exposed to a solvent vapour.
Field-effect transistors were prepared in the bottom gate - bottom contact ge-
ometry on Si/SiO2 substrates (without a self-assembled monolayer treatment) and
in the top gate - bottom contact geometry on glass substrates. A 100nm P3HT
film was developed by spin coating at 2750rpm from a 3% by wt. chlorobenzene
solution in a cleanroom (again, there was no thermal annealing step). For FET
devices, SVT was performed in a sealed petri dish with the device mounted on a
sample stage above a solvent reservoir. The samples were dried by transferring
to a cleanroom fume cupboard for around 750s. The devices were then placed in
a nitrogen glovebox for transistor characterisation. Devices which had undergone
SVT were compared to identical devices which had been prepared at the same
time but not exposed to solvent vapour.
A preliminary SVT experiment showed that exposing a P3HT film to toluene
vapour for 450 seconds followed by drying in a helium flow reduced the az-
imuthal width of the (100) peak from 29.7o to 28.5o, indicating an increase of
lamella ordering. To examine how the SVT process depends on solvent choice,
the experiment was performed with four solvents of varying vapour pressure (all
were chosen to be good solvents for P3HT): dichloromethane (vapour pressure
47kPa at 20oC), chloroform (21.2kPa), toluene (2.9kPa) and 1,2-dichlorobenzene
(0.16kPa). Dichloromethane was also chosen because a GIWAXS image collected
by Yang et al. [196] of P3HT drop cast from a dichloromethane solution appeared
to show a (00c) peak, in addition to the (a00) and (010) peaks which are usually
evident. Although the film in this experiment was spin coated from chloroben-
zene, it was of interest to see whether a (00c) peak would emerge on exposure to
dichloromethane vapour.
5.3.1 Time resolved in situ GIWAXS
Figure 5.5 shows time resolved GIWAXS images of a P3HT film during SVT
with dichloromethane. All images were exposed for 0.4s. The t = 0 image was
taken just before the injection of 2ml of dichloromethane into the cell’s reservoir.
The first three (a00) peaks are clearly identifiable and the (010) peak is also
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Figure 5.5: Time resolved GIWAXS images of P3HT during SVT with
dichloromethane.
137
5.3 Solvent Vapour Treatment
present, although it is more readily identifiable by integration of the image. The
scattering is typical of a P3HT film comprised of lamella ordered normal to the
substrate. Note that the cell’s Kapton windows are responsible for the two semi-
circular rings which bracket the (100) peak. As the experiment progresses and
the dichloromethane is absorbed by the film, the strength of the scattering is
increasingly diminished, such that by t = 60s the (300) peak cannot be resolved
and by t = 180s the (200) peak is not distinguishable from the background. At the
end of the solvent exposure (t = 350s) the GIWAXS image is almost featureless,
with the intensity of the remaining (100) peak diminished to a sixth of its initial
value. At first glance it is perhaps tempting to suggest that at t = 350s the P3HT
lamella have orientated themselves parallel to the substrate. However there is no
matching appearance of a (010) peak above the direct beam position, so it is
unlikely that this is the case. Between t = 350s and t = 360s the helium flow was
opened to 100 sccm to begin the drying phase of SVT. Within the first 20 seconds
of drying in helium, the intensity of the (100) peak had notably increased and the
(200) and (300) peaks could be resolved. The rapid retrieval of features in the
GIWAXS images indicates that a majority of the solvent could be readily removed
from the film. However, the full intensity of features only returned after holding
the sample in a helium flow for 750 seconds, indicating that a residual amount of
solvent was only slowly released from the film. Note in the final GIWAXS image
when the SVT process is complete (t = 1110s), that whilst the original peak
features have returned there is no indication that any new peaks have emerged,
such as a (00c) peak as observed by Yang et al. [196].
The uptake and expulsion of dichloromethane in the P3HT film can be tracked
by extracting the interchain distance d(100) (along the a-axis) and the interlamella
distance d(010) (along the b-axis). Figure 5.6 shows d(100) and d(010) as a function of
time during exposure to the solvent. d(100) increased rapidly in the first 50 seconds
of exposure from 16.26A˚ to 17.08A˚, saturating at around 17.2A˚ for the remainder
of the solvent exposure phase. This brisk 5% expansion suggests rapid absorption
of solvent by the film (this speed is aided by the volatility of dichloromethane
which would have quickly created a solvent rich atmosphere in the cell). Similarly,
d(010) increased from 3.83A˚ to saturating at around 3.95A˚ (an increase of 3%)
over the course of 100 seconds. Note the error on these values increases as the
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Figure 5.6: Expansion of P3HT interchain and interlamella distances, d(100) (along
the a-axis) and d(010) (along the b-axis) respectively, on exposure to dichloromethane
extracted from in-situ GIWAXS measurements.
experiment progresses because the intensity of the peaks reduces whilst their
breadth increases. Figure 5.7 shows the interchain and interlamella distances
whilst the P3HT film is dried in the helium flow. The contraction of interchain and
interlamella distances in the first 60 seconds of drying confirms the observation
from the GIWAXS images that there was initially a speedy removal of a large
portion of the solvent. There is however a long tail until the interchain and
interlamella distances return to their initial values, particularly in the value of
d(100), indicating the difficulty of removing the remaining solvent trapped in the
film.
The interchain distance d(100) (normalised to its value before solvent expo-
sure) is shown as a function of solvent exposure time in figure 5.8 for the four
solvents used in this experiment (dichloromethane, chloroform, dichlorobenzene
and toluene). The rate at which d(100) expands on exposure to chloroform - an
expansion of around 5% in the first 50 seconds - closely tracks the enlargement
which occurred on exposure to dichloromethane. This may be expected since they
are structurally similar and both highly volatile solvents which would have readily
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Figure 5.7: Contraction of P3HT interchain and interlamella distances, d(100) (along
the a-axis) and d(010) (along the b-axis) respectively, on drying in a flow of helium.
created a solvent rich atmosphere in the sample cell. As dichloromethane is a po-
lar solvent whilst chloroform is not, this suggests that solvent uptake by the film is
not influenced by polarity. When P3HT is exposed to 1,2-dichlorobenzene vapour,
the expansion of d(100) initially proceeded at the same rate as on exposure to chlo-
roform and dichloromethane, but it did not increase above 3% of its initial value
(compared to 6% for the other two chlorinated solvents). That the rate was ini-
tially the same is surprising given that the vapour pressure of 1,2-dichlorobenzene
is two orders of magnitude lower than chloroform and dichloromethane so would
not be expected to generate a solvent rich atmosphere as rapidly, in turn limiting
the rate of solvent absorption by the film. The expansion of d(100) on exposure
to toluene was markedly different to that found with the other solvents in this
experiment. We may expect the cell to have a toluene rich atmosphere within
the first ten seconds of solvent injection, yet there was no corresponding change
in d(100) during the first 110 seconds of the experiment, indicating that there was
no solvent uptake by the film. Between t = 110s and t = 210s, d(100) enlarged by
5% of its initial value, representing a slower rate of absorption than for the other
solvents. The value of d(010) (not shown) also remained at its initial value for
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Figure 5.8: Interchain distance d(100) (normalised to its value before solvent
exposure) of P3HT thin films as a function of exposure time to dichloromethane,
chloroform, 1,2-dichlorobenzene and toluene.
the first 110 seconds, then expanded by 1%. As toluene readily dissolves P3HT,
it can be expected that the vapour would be absorbed by a P3HT film. The
initially unchanged value of d(100), followed by an expansion at t = 110s may be
an experimental error in which the solvent was not properly injected at t = 0s.
However, the solvent injection was cross-checked so this appears to be a real ef-
fect. If this is the case, the mechanism for toluene absorption appears to proceed
differently than for the chlorinated solvents in this experiment.
The overall effect of SVT with different solvents is considered in table 5.1
by comparing the start and finish values of interchain and interlamella distances
and microstructure figures of merit extracted from GIWAXS images. Start and
finish values were calculated from scattering at a common site on the sample, but
separate from the sample site used for in-situ measurements during SVT.
SVT with chloroform and dichloromethane in both cases reduces d(100) and
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Table 5.1: Iinterchain and interlamella distances and microstructure figures of merit
determined from GIWAXS images of P3HT thin films before and after solvent vapour
treatment. D(100) is the crystallite size determined from the (100) peak and A(100) is
the azimuthal breadth (full width at half maximum) of the (100) peak, a measure of
film disorder.
Solvent vapour Exposure d(100) d(010) D(100) A(100)
[A˚] [A˚] [nm] [o]
Chloroform
Start 16.18 ± 0.08 3.83 ± 0.08 17.4 ± 0.1 31.6 ± 0.2
Finish (∆ts = 390s) 16.16 ± 0.07 3.77 ± 0.07 17.2 ± 0.1 32.1 ± 0.2
Dichloromethane
Start 16.26 ± 0.09 3.84 ± 0.06 16.3 ± 0.1 29.1 ± 0.2
Finish (∆ts = 350s) 16.20 ± 0.09 3.80 ± 0.03 16.6 ± 0.1 32.0 ± 0.2
Dichlorobenzene
Start 16.20 ± 0.08 3.83 ± 0.08 17.6 ± 0.1 30.7 ± 0.4
Finish (∆ts = 900s) 16.45 ± 0.09 3.86 ± 0.08 18.0 ± 0.2 31.9 ± 0.3
Toluene
Start 16.21 ± 0.07 3.85 ± 0.09 16.6 ± 0.1 32.8 ± 0.2
Finish (∆ts = 950s) 16.57 ± 0.04 3.82 ± 0.12 16.8 ± 0.2 36.4 ± 0.2
d(010), indicating that all solvent was removed during the drying process and
that the film is slightly contracted as result of SVT. Reducing d(010) is likely to
be favourable to charge transport as it brings the pi orbitals of adjacent P3HT
lamella closer together thereby increasing their overlap. However this would
appear to be counteracted by two microstructure effects which act to reduce
charge mobility: with both solvents the films are found to have greater chain tor-
sion disorder following SVT and with chloroform the crystallite size is reduced.
On the basis of these findings it seems unlikely that SVT with either chloro-
form or dichloromethane would have a beneficial effect on the performance of
P3HT field-effect transistors. The values of d(100) in the films exposed to 1,2-
dichlorobenzene and toluene are higher after SVT than their initial values, a sign
that there is residual solvent trapped in the films which was not removed by the
helium drying process. These solvents are much less volatile than chloroform and
dichloromethane, which are believed to have been completely removed during
drying, and in turn are less readily expelled from the film. Residual solvent in
the P3HT films can be expected to degrade transistor performance by introduc-
ing dopants or mobile ions which shift the turn on voltage. Encouragingly, the
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crystallite size of films exposed to 1,2-dichlorobenzene and toluene appears to be
enlarged by the SVT process and it is tempting to predict that this would help
charge transport. However, the enlargement of around 1.5% is consistent with
the film remaining swelled due to trapped solvent. On expulsion of the residual
solvent, the crystallite size can be expected to correspondingly reduce. Similarly,
A(100) is much larger after SVT than initially, indicating greater chain torsion
disorder as a result of solvent remaining in the film. Again, it can be expected
to decrease as the solvent is removed.
5.3.2 Atomic force microscopy
AFM images were taken of the P3HT films after SVT and compared to a film
which had been prepared under the same conditions (spin coated on glass sub-
strate at 2750 rpm from a 3% by wt. chlorobenzene solution; no thermal anneal-
ing) but had not been exposed to solvent vapour. Care was taken to image the
samples in a position which had not been used for in-situ GIWAXS monitoring
and therefore may have been damaged by long exposure to the beam.
Topography and amplitude images of the films are shown in figure 5.9. The
unexposed reference film has an isotropic and granular appearance, consistent
with a previous literature report [152] of AFM on P3HT films of similar molecular
weight as used here (Mw = 31.4kg/mol by GPC). Ignoring the cluster on the
right of the image, the film has an r.m.s. roughness of 12.0nm. All of the films are
smoother after SVT. The r.m.s. roughness of the film exposed to dichloromethane
was reduced to 8.4nm; chloroform reduced to 8.6nm; 1,2-dichlorobenzene reduced
to 10.1nm; and toluene reduced to 6.8nm. Given that GIWAXS analysis indicated
a greater degree of disorder within all four films after SVT, it is surprising that
the film surfaces are improved.
The film exposed to dichloromethane underwent the most marked transition
during SVT, developing an array of cylindrical nodules on the surface, of typical
height 10nm and diameter 80nm. To verify that this was not a local effect,
two other sites on the sample were imaged and the same nodular structures
were found. The appearance of these nodules is tentatively attributed to the
contraction of the film during the drying phase of SVT. A lower density of smaller
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Figure 5.9: 1µm×1µm tapping mode AFM images of an unexposed P3HT film and
of P3HT films after SVT with various solvents (dichloromethane, chloroform,
1,2-dichlorobenzene, toluene). The vertical scale height is 50nm. This AFM was
performed on the same films studied by in-situ GIWAXS in section 5.3.1.
nodules (typical height 5nm) also appeared on the film exposed to chloroform,
which also contracted during SVT. In contrast the morphology of films exposed
to 1,2-dichlorobenzene and toluene were comparatively unchanged after SVT,
retaining a granular appearance without nodule development.
5.3.3 OFET characteristics
P3HT field-effect transistors were fabricated in the top gate bottom contact ge-
ometry to assess the effect of SVT on charge transport. This architecture was
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chosen as the solvent vapour is exposed to the P3HT surface which forms the
semiconductor-insulator interface in the finished device. The FETs were formed
of a spin coated 100nm P3HT film on glass substrates with ITO source and drain
electrodes of length 50µm and width 1mm. Solvent vapour treatment was then
performed on the devices by exposing them to solvent vapour and drying in a
fume cupboard (the reference devices were excluded from this SVT step). The
devices were completed in a nitorgen glovebox by spin coating a 500nm PMMA
gate insulator and thermally evaporating an aluminium gate. There was no bak-
ing step following the deposition of the PMMA layer as the thermal energy would
have affected the microstructure of the underlying P3HT film.
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Figure 5.10: Linear transfer characteristics (Vd = −5V) of top gate bottom contact
P3HT field-effect transistors after SVT with various solvents. The reference device
was fabricated alongside the other devices, but not exposed to a solvent vapour.
Linear transfer characteristics for a typical reference device and devices treated
with dichloromethane, chloroform and toluene are shown in figure 5.10. There
were no working devices treated with 1,2-dichlorobenzene due to a misaligned
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gate. The linear mobility of the reference device is 0.12cm2/Vs, which is slightly
exceeded by the mobilities of the devices exposed to dichloromethane (0.15cm2/Vs)
and chloroform (0.17cm2/Vs). The device exposed to toluene has a lower mobil-
ity of 0.04cm2/Vs. Even a modest mobility increase after SVT with the solvents
explored in this section is unexpected since the microstructure (crystallite size
and chain ordering) was found to be degraded by SVT. It is possible however
that in this geometry the enhanced smoothness of the P3HT film after SVT,
as detected by AFM, is more important since it offers a more planar channel for
charge transport along the interface with the insulator. Nonetheless this can only
be part of the explanation since films exposed to toluene are also smoother after
SVT, but the mobility of these films is reduced.
For this experiment, depositing the gate contact by thermal evaporation is
not ideal since the devices are heated during the process by an unknown amount.
Therefore, FETs in the bottom gate bottom contact geometry were also inves-
tigated as there are no further processing steps to complete the device after the
P3HT is deposited. The devices consisted of pre-patterned interdigitated gold
source and drain electrodes on Si/SiO2 substrates without surface treatment on to
which a 100nm layer of P3HT was spin coated (3% by wt. chlorobenzene solution
spun at 2750rpm). Devices were transferred to a nitrogen glovebox for baseline
characterisation, then returned to ambient for SVT with dichloromethane. Fol-
lowing this, the devices were tested again. In this geometry, the FETs conducting
channel is separated from the film surface by the bulk of the film. Therefore, sol-
vent must penetrate throughout the film during SVT to influence the channel
microstructure and in turn the charge transport in these devices.
Linear transfer characteristics of four devices before and after SVT with
dichloromethane are shown in figure 5.11. Before SVT, the devices exhibited
transistor action typical of P3HT in this architecture (on/off ratio of 105 and
linear mobility of 0.012cm2/Vs), albeit with marked hysteresis which caused the
turn on voltage to switch by 7 volts between forward and reverse sweeps. After
SVT with dichloromethane the devices showed only extremely weak modulation
of the drain current with the gate voltage and no longer operated as transistors.
A control device was exposed to ambient whilst the SVT devices were exposed
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Figure 5.11: Linear transfer characteristics (Vd = −5V) of bottom gate bottom
contact P3HT field-effect transistors before () and after (©) SVT with
dichloromethane.
to solvent vapour (ambient exposure of approximately 20 minutes). The perfor-
mance of the control device did not worsen after ambient exposure, so we can
attribute the degradation to this SVT process. Although GIWAXS data indicates
that dichloromethane is readily removed from the film after SVT, the raised off
current could be caused by a small amount of solvent trapped deep in the film. To
investigate this hypothesis, the devices were placed in a vacuum (10−6 mbar) for
12 hours to be sure that all solvent had been expelled from the P3HT. However,
the device performance remained unchanged indicating that residual solvent is
not responsible for this effect. It is possible that the apparently irreversible device
degradation was caused by damage to the conducting channel due to swelling and
contraction of the film during SVT.
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5.3.4 Conclusions and future work
In this section solvent vapour treatment has been investigated as an alternative
to thermal annealing in the fabrication of P3HT field-effect transistors. Real
time in-situ GIWAXS of the SVT process allowed the dynamics of solvent up-
take and expulsion to be studied on exposing P3HT films to various solvents
(dichloromethane, chloroform, 1,2-dichlorobenzene and toluene). This showed
that, with the exception of toluene, the d(100) interchain distance expanded by
approximately 5% within the first minute of exposing films to the solvent vapour.
The film exposed to toluene also expanded, but the onset of expansion was de-
layed and the rate was slower. Moreover, time resolved measurements showed
that the majority of absorbed solvent was rapidly expelled on drying in a helium
flow. For the two most volatile solvents considered here (dichloromethane and
chloroform), the remaining solvent was removed within 750 seconds. However
a portion of the less volatile solvents 1,2-dichlorobenzene and toluene, remained
trapped within the films. Although there are literature reports of encouraging
microstructure improvements resulting from SVT [195], it was found that with
the four selected solvents investigated in this section that P3HT microstructure
(crystallite size and chain ordering) was worsened as a result of SVT. Nonethe-
less the surface morphology, imaged by AFM, was found to be smoother in films
exposed to any of the four solvents investigated in this section. In turn, this
is attributed to enhanced mobility found in top gate bottom contact field-effect
transistors where the active P3HT layer was exposed dichloromethane or chlo-
roform. A contrary effect was found in bottom gate bottom contact field-effect
transistors on exposure to dichloromethane vapour. In this geometry transistors
performance (mobility and on/off ratio) was irreversibly impaired, tentatively at-
tributed to damage to the buried semiconductor-insulator interface during the
swelling and contraction of the film during SVT.
In summary, solvent vapour treatment of P3HT films was found to be a poor
alternative to thermal annealing. Although SVT results in smoother films which
may result in slightly higher mobility in top gate bottom contact FETs, it creates
films with smaller crystallite sizes and greater chain disorder. In bottom gate
bottom contact FETs the effect of SVT is to completely degrade transistor action.
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Volatile solvents are very readily absorbed by P3HT and most easily expelled
from the film. Further work may focus on whether an alternative volatile solvent
could enhance P3HT microstructure and FET performance beyond that which
has been found for dichloromethane and chloroform. Whilst the uptake of sol-
vent appeared not to be a function of solvent polarity, an experiment could be
performed to investigate this further by performing SVT with the three isomers
of dichlorobenzene. The 1,2 isomer has a dipole moment of 2.5D, the 1,3 isomer
has a dipole moment of 1.7D and the 1,4 isomer has a dipole moment of 0.0D,
thereby spanning a large range of polarities with the same molecular composition.
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Chapter 6
New materials for organic
field-effect transistors
In this chapter, investigations into two new materials for use in organic
field-effect transistors are described: preliminary work using needle-
like copper phthalocyanine single crystals as the active layer; and sec-
ondly the use of high conductivity PEDOT deposited by vapour phase
polymerisation for source and drain electrodes.
150
6.1 Needle-like single crystal copper phthalocyanine field-effect
transistors
6.1 Needle-like single crystal copper phthalocyanine
field-effect transistors
6.1.1 Introduction
Thermally evaporated copper phthalocyanine (CuPc) forms polycrystalline films
which are readily used as the active layer in p-channel organic field-effect transis-
tors [159–162]. However, despite attractive environmental stability, the low field-
effect mobility in these devices (∼10−3cm2/Vs) has prevented the widespread use
of polycrystalline CuPc as the active layer in FETs. In 1998, Laudise et al. [165]
demonstrated a reproducible horizontal physical vapour growth method, using a
flow of inert argon gas, to grow needle like single crystals of CuPc. The size of
these crystals (several centimetres long and thickness of up to 500µm) initially
made them impractical for use in FETs.
Figure 6.1: Single crystal copper
phthalocyanine needles grown at
the University of Florida. Photo:
Dr Franky So.
In 2005, Zeis et al. [197] described the fab-
rication of top gate top contact FETs with
impressive mobility of up to 1cm2/Vs on the
surface of CuPc single crystal needles. The
source and drain electrodes were painted on
the needles with a water based solution of col-
loidal graphite and the gate insulator formed
by vapour phase deposition of an approxi-
mately 1µm thick parylene N film. The device
was completed by painting a colloidal graphite
gate electrode above the channel. The insu-
lating material was chosen to form a low trap
density interface with the crystal surface, fol-
lowing a method described by Podzorov et al.
[198] for the fabrication of rubrene single crystal FETs. The aim of this section is
to fabricate a single crystal CuPc field-effect transistor with an insulator prepared
other than by vapour phase deposition.
Using the method of Laudise et al. [165] and a similar apparatus, the Organic
Electronic Materials and Devices (OEMD) Group at the University of Florida
151
6.1 Needle-like single crystal copper phthalocyanine field-effect
transistors
grew CuPc needles which had a typical length of several centimetres and diameter
of approximately 100µm (figure 6.1). The CuPc fibres used in this thesis were
grown by Verena Giese. All fabrication and device testing in this section were
performed in the OEMD laboratories at the University of Florida.
6.1.2 Baseline polycrystalline CuPc field-effect transistors
To determine the baseline performance of the material, FETs were fabricated in
the bottom gate top contact geometry. A thin film of CuPc was thermally evapo-
rated on to a cleaned Si/SiO2 substrate using a Trovato Mfg Inc. Academic Series
Research Evaporator. For evaporation, CuPc single crystal needles were crushed
into a powder and placed in a baﬄed tungsten box source. The substrates were
mounted in a rotating sample holder to ensure a uniform coverage of sublimated
material. The evaporation was performed at a rate of 1A˚/s to develop a 50nm
film (chosen as it is the typical film thickness reported for CuPc devices in the
literature, for instance references [162, 199]). The devices were completed by
evaporating gold source and drain electrodes of length 30µm and width 2.5mm.
The electrodes were 50nm thick and evaporated at a rate of 0.5A˚/s to minimise
the penetration of energetic particles into the organic film. The device structure
is shown inset to figure 6.2.
Literature reports do not indicate the need for a thermal annealing step (there
is no microstructure improvement on annealing) so the devices were tested as pre-
pared. Devices were tested in ambient with a Keithley Instruments Inc. 4200-SCS
Semiconductor Characterisation System. Typical saturated transfer character-
istics are shown in figure 6.2. The devices had a mean saturated mobility of
3×10−4cm2/Vs and on/off ratios between 102.7 and 102.9. These values corre-
spond well to values reported in the literature for polycrystalline CuPc FETs.
6.1.3 Single crystal needle CuPc transistors on Si/SiO2
substrates
A first attempt at fabricating a single crystal CuPc FET was made by placing
a 2.5cm long needle directly on to a Si/SiO2 substrate using a small amount of
152
6.1 Needle-like single crystal copper phthalocyanine field-effect
transistors
- 3 0 - 2 0 - 1 0 0 1 0
1 0 - 9
1 0 - 8
1 0 - 7
I d [A
]
V g  [ V ]
W  =  2 . 5 m m
S i
S i O 2
C u P c
L  =  3 0 µm
Figure 6.2: Saturated (Vd = −25V) transfer characteristics of a polycrystalline
CuPc baseline transistor. Inset: device structure.
adhesive at either end of the needle. 50nm gold source and drain electrodes were
evaporated in the centre of the needle to pattern a channel of length 30µm. The
width is defined by the width of the needle, for instance W = 130µm in the
device shown in figure 6.3. The width of each device was measured from optical
micrographs using ImageJ microscope image processing software.
Figure 6.3: Left: schematic of a CuPc needle bottom gate top contact FET device
architecture. Right: opitcal micrograph of source and drain electrodes patterned on a
CuPc needle. Note that the image was not taken perfectly above the channel,
therefore the resulting parallax can give the impression that the source and drain
electrodes evaporated on the needle are not aligned with the gold film on the
underlying substrate.
The devices fabricated in this way showed abrupt and irreversible switching
from their off to on state. Figure 6.4 shows the first sweep from off to on performed
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Figure 6.4: Transfer characteristics of two needle CuPc transistors, showing the
initial sweep from off to on states.
with two different devices. Following this initial sweep, the current remained
between 10−6 and 10−4A, even when the gate voltage was increased to a high
positive bias (Vg = 60V). The devices were retested after 24 hours but continued
to show little drain current modulation with gate voltage. This suggests that
the crystal was damaged during the initial sweep, even though the applied drain
voltage was kept below 5V. Clearly the devices do not operate as practical FETs.
Figure 6.5: Left: schematic of a CuPc needle bottom gate top contact FET device
architecture. Right: opitcal micrograph of source and drain electrodes patterned on a
CuPc needle.
A second attempt was made to fabricated a single crystal CuPc FET on a
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Si/SiO2 substrate. In this case CuPc needles were lifted from the substrate on
which the evaporation of source and drain electrodes was performed and attached
to a new Si/SiO2 substrate. By doing so, the needle was not surrounded by a
gold film on the substrate which remained from the evaporation (figure 6.5).
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Figure 6.6: Linear transfer characteristics (Vd = −5V) of a CuPc needle transistor.
This shows the initial sweep from off to on.
Of a set of four devices, the transfer characteristics of the only working device
are shown in figure 6.6. Although the device has a less abrupt transition from
off to on, the characteristics are noisy and the device cannot be switched to an
off state in subsequent sweeps to positive gate bias. Again, the device is not a
practical FET.
There are two notable problems with the design of these transistors. The
CuPc needles are held at two points on to the substrate, but it is likely that
there is a slender air gap between the substrate and the needle. This will make
a contribution to the unit area capacitance felt by charges in the channel, but
by an unknown amount since the size of the gap is not known. Moreover, the
device architecture requires that charges travel through the crystal bulk to the
semiconductor-insulator interface. Since the height of the crystals is of the or-
der of 100µm, three orders of magnitude greater than the film thickness used for
polycrystalline devices, the gate field strength felt by injected charges is greatly
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reduced. The linear mobility of the device, extracted from the gradient of the
drain current against the gate voltage from -7 to -20V, supports this view. Using
just the capacitance of the SiO2 layer in the calculation leads to an unrealistically
large linear mobility of 5500cm2/Vs. This is strongly suggestive that there are
other contributions to the capacitance felt by charges. Most likely these contribu-
tions come from the capacitance of the semiconductor itself and the capacitance
of the air gap.
6.1.4 Further work
Time constraints meant it was not possible to build and improve on the work
presented in this section. The next planned step was to fabricate a top gate top
contact single crystal CuPc OFET with a solution processed polymer insulator.
This architecture would not require injected charges to travel through the crystal
bulk to the reach the channel and the distance between gate and semiconduc-
tor would be purely controlled by the insulator thickness. The gate would be
formed either by thermal evaporation of aluminium or using a conducting metal
paint. Although CuPc has poor solubility in most organic solvents, the needles
may still be damaged if the solvent is not completely orthogonal. This therefore
places a restriction on the choice of polymer insulator. The water soluble polymer
polyvinyl alcohol (PVA) was chosen since CuPc is not water soluble. To inves-
tigate the compatibility of water with CuPc, a polycrystalline CuPc FET was
characterised, immersed in water for ten minutes and then characterised again.
The off current was slightly raised after exposure, indicating a degree of doping
as a result of water penetration. This represented an extreme test since the expo-
sure during insulator spin coating could be expected to last between 30 seconds
and one minute. A test top gate top contact FET was fabricated consisting of a
layer of polycrystalline CuPc and a 500nm layer of PVA. The gate was formed
of a silver conducting paste and the device had an on/off ratio of 102 and linear
mobility of 1×10−4cm2/Vs. These results point to a promising material set for
use with single crystal CuPc needles.
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6.2 Patterned VPP-PEDOT electrodes for metal
free OFETs
6.2.1 Introduction
Interest in organic electronics is partly driven by the prospect of cheap and flexible
electronic devices. Whilst the pi-conjugated organic semiconductors which form
the active layers in devices are inherently flexible, complete devices require highly
conducting and equally flexible electrodes. In Chapter 4, OFETs were printed on
flexible substrates with indium tin oxide (ITO) source and drain electrodes. ITO
sheets are highly conductive, optically transparent, readily etched and therefore
a popular electrode material for organic optoelectronics. However on flexible
substrates, such as those in Chapter 4, ITO is known to crack on bending [184],
leading to increased sheet resistance [185] or device failure. Coupled with a ten-
fold increase in the price of indium over the last ten years, this has motivated
researchers to seek alternative electrode materials for flexible organic electronics.
Of the candidate conducting polymers, poly(3,4-ethylenedioxythiophene) (PE-
DOT) has attracted substantial interest as an alternative to ITO. Its desirability
stems from high thin film optical transmittance in the visible [200], an equiva-
lent work function to ITO [201], good conductivity upon doping [200] and so-
lution processability as the readily available poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT-PSS), a water or alcohol based dispersion of PE-
DOT with poly(styrenesulfonate).
Although PEDOT-PSS is a facile and widely used route to depositing PEDOT,
it is alleged that the resulting films do not express the full potential conductivity
of the polymer because solution processing does not necessarily result in ordered
films with long conjugation lengths [202]. Attention has recently been directed
towards vapour phase polymerisation (VPP) of the 3,4-ethylenedioxythiophene
(EDOT) chemical repeat unit (CRU) as another method of developing PEDOT
films. By tuning the environmental conditions and choice of reagents, it has been
found that VPP allows greater control over film properties, such as conductivity
and smoothness, than processing from solution [203]. There are now several
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reports of VPP-PEDOT conductivities exceeding 1000S/cm [202, 204–206], over
twice that of high conductivity PEDOT-PSS films.
The applications of high conductivity VPP-PEDOT films have been to OLED
and OPV devices where the conducting polymer can function as an electrode with
minimal or no patterning. The aim of this section is to fabricate an OFET with
patterned VPP-PEDOT source and drain electrodes on plastic substrates as a
step towards an all plastic field-effect transistor.
6.2.2 Experiment
OFETs were fabricated in the top gate bottom contact geometry on plastic sub-
strates. This subsection describes the preparation of each layer in turn: the
patterning of VPP-PEDOT source and drain electrodes; the deposition of a semi-
conductor active layer; and the completion of the device with a polymer insulator
and aluminium gate electrode.
The deposition of VPP-PEDOT films followed a method described elsewhere
by Levermore et al. [204, 205] and was performed by Dr Xuhua Wang. The pat-
terning method was developed by Dr Wang and has not currently been published.
Briefly, clean plastic substrates were prepared for the VPP of PEDOT by devel-
oping a thin film of oxidant from a solution of isopropanol with iron (III) tosylate
(Fe(OTs)3) and pyridine in the weight ratio 125:25:1. The Fe(OTs)3 acted as the
oxidant whilst pyridine, a base, was added to moderate its activity. For devices
where the electrode is not patterned, the oxidant film would usually be spin cast.
In this case, the oxidant was sprayed through a shadow mask to define the de-
sired features. Following a short 80oC annealing step, substrates were transferred
to a VPP chamber in which a few drops of EDOT were added. The chamber
was then held in a medium vacuum at room temperature for up to 60 minutes.
Samples were then annealed at 50oC for 30 minutes, followed by a rinsing step in
methanol. Substrates with VPP-PEDOT source and drain electrodes patterned
in this manner were then transferred to the author for OFET fabrication.
Before use, each substrate was inspected under magnification to check that
the electrodes were well defined and that interdigitated fingers were connected to
their parent electrode pad. The resistance between source and drain electrodes
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Figure 6.7: Left: optical micrograph of patterned VPP-PEDOT interdigitated
source and drain electrodes fabricated by Dr Wang, of channel length 150µm and
width 2.5mm. Right: height cross section of a VPP-PEDOT finger.
was measured with a multimeter to ensure that there was no shorting across
the device due to stray VPP-PEDOT growth. Figure 6.7 (left) shows an optical
micrograph of interdigitated VPP-PEDOT source and drain electrodes of channel
length 150µm and width 2.5mm. The channel length is larger than optimal for an
OFET, but was necessarily so due to the resolution of the patterning technique.
The yield of patterning with smaller (< 100µm) channel lengths was low due to
shorting between electrodes. The cross sectional profile of VPP-PEDOT fingers
were measured using surface profilometry to check film thickness and smoothness.
The example cross section in figure 6.7 (right) shows the 60nm height of the
patterned fingers and the slopes on either side of the central finger.
To avoid damage to the VPP-PEDOT electrodes from long exposure to or-
ganic solvents, a modified substrate cleaning routine was used directly before
OFET fabrication. The substrates were rinsed and then ultrasonicated in methanol,
followed by drying in a nitrogen stream and oxygen plasma treatment at 20W for
30 seconds.
The workfunction of VPP-PEDOT on plastic substrates has been measured
by Kelvin probe to be close to 4.6eV [204]. P3HT and 6,13-bis(triisopropyl-
silylethynyl) pentacene (TIPS-Pentacene) were considered as well studied model
systems for the active layer. However, having HOMO levels of 4.9eV [110] and
5.3eV [207] respectively indicates that only P3HT could be expected to make an
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ohmic contact with the electrodes. A 100nm P3HT (Mw = 31.4kg/mol (GPC),
supplied by Merck) thin film was spin coated in ambient from a 3% by wt. solu-
tion with the high boiling point (1,2,3,4-tetrahydronaphthalene) (THN) solvent,
chosen to enhance the crystallinity of the resulting film. Samples were then moved
to a nitrogen glovebox for a 30 minute thermal annealing step at 120oC, followed
by spin coating (still in nitrogen) of a 500nm PMMA gate insulator. In turn
this was followed by a 15 minute 80oC baking step to remove residual solvent. A
70nm aluminium gate electrode was shadow mask evaporated, aligned over the
channel, to complete the device. Transistor characterisation was performed in a
nitrogen glovebox in the dark (to prevent photodoping of P3HT).
6.2.3 Results
Transfer and output characteristics of a P3HT transistor with VPP-PEDOT
source and drain electrodes are shown in figure 6.8. Working devices had on/off
ratios in the range 102.9−3.3 and saturated mobility in the range 0.015 - 0.0015cm2/Vs.
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Figure 6.8: Transfer and output characteristics of a P3HT transistor with
VPP-PEDOT source and drain electrodes.
The higher mobility values recorded for these devices compare favourably
with the mobility (0.06 cm2/Vs) of P3HT “baseline” FETs (bottom gate bottom
contact on Si/SiO2 substrates with gold electrodes; thermally annealed P3HT
spin coated from a THN solution). It is also close to the mobility (0.02cm2/Vs)
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of P3HT FETs fabricated in the same architecture with the same material system
on a plastic substrate but with ITO source and drain electrodes.
6.2.4 Conclusions and future work
Working OFETs with patterned VPP-PEDOT source and drain electrodes have
been demonstrated. The performance of these devices is comparable to transistors
with ITO electrodes (and an otherwise identical material system), indicating the
suitability of VPP-PEDOT as a replacement for ITO in OFET applications.
These are believed to be the first transistors in the literature to incorporate
VPP-PEDOT electrodes. The significance of this result is two fold: it shows a
third successful application of VPP-PEDOT as a replacement for ITO electrodes
(alongside OLED and OPV devices); and it adds another route for the fabrication
of all plastic, metal free transistors.
Although metal free OFETs have already been reported (for instance [129]),
VPP-PEDOT is a new option for a high conductivity replacement of conventional
electrodes. Further work would be to replace the remaining metallic layer in the
devices described above, the aluminium gate electrode, with a VPP-PEDOT
electrode. Given the fragility of the polymer insulator and semiconductor layers
on to which VPP-PEDOT would be deposited, it is unlikely that simply repeating
the steps for depositing on the relatively robust plastic substrates would lead to
working devices. In particular, the IPA based oxidant solution and methanol
rinse step would very likely degrade the underlying PMMA and P3HT layers.
This suggests two options: find an insulator and semiconductor system which are
orthogonal to the solvents used in the VPP process or consider an alternative
organic electrode material which has a gentler deposition process.
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Chapter 7
Conclusions and further work
In this thesis, a study of the microstructure, morphology and device physics of
gravure printed and solution processed organic field-effect transistors has been
presented.
Chapter 3: Sequential gravure contact printing of top gate
bottom contact OFETs
In chapter 3, high throughput gravure printing of smooth and uniform films of the
organic semiconductor P3HT was demonstrated. Although the parameter space
for gravure printing is wide, the rheological properties of inks could be tuned
to achieve good quality films, primarily by controlling just three variables: the
solution concentration, molecular weight and solvent choice. The high viscosity
of inks required for gravure printing is habitually cited as a disadvantage of the
techniques. However, the viscosity of solutions used in Chapter 3 was much lower
than reference gravure inks used in the graphical art community and have compa-
rable viscosity to those used for spin coating and ink jet printing. Subsequently,
it was shown that three different polymer insulators could be printed directly on
to the P3HT layer. The quality and smoothness of this P3HT-insulator inter-
face is sufficiently good for transistor action to occur in top gate bottom contact
OFETs. Finally, by printing a silver ink gate contact, fully gravure printed
OFETs were demonstrated. The highest performing of these have comparable
mobility (0.03cm2/Vs) and higher on/off ratios (103.9−4.6) to fully spin coated
devices with the same material system and architecture.
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Further work
Some challenges remain. The yield of working devices is too low and there is a
large spread of device performance amongst working devices. It is therefore diffi-
cult to draw statistically sound conclusions about the optimal P3HT formulation
and insulator layer combinations for OFETs. A systematic study of printed P3HT
with a large sample size (at minimum 10 working samples per data point) would
help to more fully understand how different conditions influence the microstruc-
ture of the printed film and in turn how this relates to OFET characteristics.
The large intra-sample variation for devices fabricated of the same material
system on the same substrate suggested that design tolerances of the printer used
in this work may have been too large. Additionally, the fabrication of transistors
requires good alignment of the channel with the overlying polymer layers and
printed gate electrode. This indicates two avenues to improve the gravure printer
for future work. Improving the design tolerances would likely require working
with a manufacturer to produce a gravure printer optimised for use with organic
electronic materials. A substrate alignment system could be more easily built
in-house and added to the existing system.
Chapter 4: Impact of solvent choice on spin-coated and
gravure printed P3HT thin film microstructure and OFET
performance
In Chapter 4, the microstructure and transistor performance of P3HT thin films
was investigated as a function of solvent choice for two fabrication methods (spin
coating and gravure printing). The impact of solvent choice was considered from
two angles: using a light scattering technique to probe the P3HT chain conforma-
tion and aggregation in the casting solution and as a function of solvent boiling
point for the properties of the thin films.
Initially a baseline study of spin coated P3HT on glass and silicon dioxide
substrates was performed. GIWAXS and absorption spectroscopy showed that
as the solvent boiling point was raised, the crystallinity and ordering of the thin
film microstructure was improved. This is not itself particularly surprising since
it replicates the established result that by increasing the solvent evaporation time,
P3HT chains have greater opportunity to self-organise. The mobility of OFETs
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fabricated from these films also improved with increasing solvent boiling point
indicating that charge transport is limited by amorphous regions rather than
grain boundary hopping.
The main comparative work between spin coated and gravure printed P3HT
was performed on PES substrates. Experimentally useful GIWAXS images were
achieved with these substrates and films deposited from both techniques demon-
strated larger crystallite sizes and reduced chain torsion as the solvent boiling
point was raised. AFM imaging showed superficially isotropic and granular P3HT
film surfaces, even for films cast and printed from high boiling point solvent solu-
tions. Nonetheless, the mean feature size on the surface of both spin coated and
gravure printed films was found to enlarge with increasing solvent boiling point,
in agreement with the GIWAXS data on crystallite size. It was not possible to
test the correlation of this enhanced film crystallinity to the field effect mobility
due to the difficulty of fabricating working devices without thermal annealing.
The absolute values of crystallite size and chain torsion determined from GI-
WAXS were generally closely matched for spin coated and gravure printed films
for a given solvent. This is surprising given the different dynamic processes in-
volved in the two techniques. In particular, the rapid rotation of samples during
spin coating would be expected to decrease the crucial solvent evaporation time,
thereby allowing less time for self-organisation to occur. In gravure printing, the
solvent is allowed to evaporate from the film without forcing. This however is
believed to be balanced by the need for adjacent printed drops to coalesce to
form a smooth film, a requirement which is evidently not present in spin coating.
Therefore before the solvent evaporates, two processes are thought to be required
in gravure printed films: adjacent drops must coalesce and internally, chains must
self-organise to form an ordered structure.
A study of P3HT in different solvent solutions was performed by static multi-
angle light scattering. In the studied solvents (chlorobenzene, 1,2-dichlorobenzene,
indan and THN), P3HT adopts a rod like conformation. In indan and THN there
is evidence that aggregation occurs and the chains stack into groups of on av-
erage 5 and 12 chains respectively. It is tentatively suggested that the packing
occurs such that there is good pi-pi electron overlap. It is possible that films
developed from these solutions have a higher degree of crystallinity and order
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not just because they are high boiling point solvents which allow longer for self
organisation to occur, but also because a degree of self-organisation has occurred
in the solution before casting.
Further work
In the first instance, future work should be focussed on increasing the yield of
working P3HT transistors on PES substrates without thermal annealing. This
will allow further investigation into the relationship between microstructure and
charge transport in P3HT in spin coated and gravure printed devices. Due to the
problems of residual solvent in the P3HT layer affecting the overlying PMMA
layer, the devices should be held in a vacuum for at least 12 hours after P3HT
deposition. This should allow the residual solvent to escape, whilst preserving
the P3HT microstructure as prepared.
Chapter 5: Improving the thin film microstructure of P3HT
using solvent mixtures and vapour treatment
In Chapter 5, two solvent based methods to enhance the microstructure of P3HT
were investigated, both aiming to reduce or eliminate the requirement for thermal
annealing to improve microstructure. Lengthy thermal annealing steps restrict
the development of truly high throughput roll-to-roll fabrication of organic elec-
tronic devices.
The first technique was to use a mixture of a high and low boiling point sol-
vent, 1,2,4-trichlorobenzene (TCB) and pentan respectively, to cast P3HT. The
microstructure of the resulting forms was analysed using GIWAXS and absorp-
tion characteristics; and the field-effect mobility was measured in bottom gate
bottom contact devices. Whilst the OFET data pointed to the use of pentan
as an additive in TCB (in the ratio 95:5 TCB:pentan) to improve device per-
formance (mobility was raised by 6%), the microstructure data did not show a
corresponding improvement in film ordering.
The second technique was solvent vapour treatment (SVT) exposing a P3HT
film to a solvent vapour after spin coating and was studied by in-situ GIWAXS for
four different solvents. The time resolved expansion of interchain and interlamella
distances during solvent uptake and expulsion allowed the dynamics of SVT to
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be studied. SVT was found to decrease P3HT film crystallinity and ordering,
although AFM showed it lead to smoother films. For top gate bottom contact
OFETs the smoother P3HT film was found to slightly increase field-effect mobil-
ity (from 0.12cm2/Vs to 0.15-0.17cm2/Vs after SVT). However in bottom gate
bottom contact devices, transistor action was completely degraded after SVT,
attributed to lower crystallinity and doping by residual solvent deep in the film.
Further work
Future work on solvent mixtures should more closely concentrate on the range
around which the addition of pentan appears to have a beneficial effect (pentan
fractions of 25% or less in the mixture with TCB). Ideally, GIWAXS would be
performed in this range to give greater information on the microstructure in this
regime. We suggest that the addition of small quantities of pentan distributes
P3HT chains such that self organisation is more efficient. To explore this idea, it
would be useful to examine light scattering of P3HT in these solvent mixtures,
compared to the case of 100% TCB. The radius of gyration and apparent molec-
ular weight in different solvent mixtures can be indicative of the chain behaviour
in these solutions.
A result from the SVT experiments was that volatile solvents are very readily
absorbed by P3HT and most easily expelled from the film. Further work on SVT
may focus on whether a volatile solvent other than the ones used in Chapter 5
could enhance P3HT microstructure and FET performance beyond that which
has been found for dichloromethane and chloroform. Whilst the uptake of sol-
vent appeared not to be a function of solvent polarity, an experiment could be
performed to investigate this further by performing SVT with the three isomers
of dichlorobenzene. The 1,2 isomer has a dipole moment of 2.5D, the 1,3 isomer
has a dipole moment of 1.7D and the 1,4 isomer has a dipole moment of 0.0D,
thereby spanning a large range of polarities with the same molecular composition.
Chapter 6: New materials for organic field-effect transis-
tors
In Chapter 6, investigations into two new materials for use in organic field-effect
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transistors were described: preliminary work using needle-like copper phthalo-
cyanine (CuPc) single crystals as the active layer; and secondly the use of high
conductivity PEDOT deposited by vapour phase polymerisation (VPP) for source
and drain electrodes.
Initial attempts at fabricating a CuPc single crystal transistor were described.
Gold electrodes were evaporated on to CuPc needles held on SiO2/Si substrates
to form a bottom gate top contact devices. These were found not to be practical
OFETs since the device could not be returned to an off state after use.
The use of high conductivity VPP-PEDOT patterned source and drain elec-
trodes as an alternative to indium tin oxide (ITO) was described. Working de-
vices were demonstrated, the performance of which was comparable to transistors
with ITO electrodes (and an otherwise identical material system). This indicates
the suitability of VPP-PEDOT as a replacement for ITO in OFET applications.
These OFETs are believed to be the first reported use of VPP-PEDOT for source
and drain electrodes.
Further work
There are significant opportunities for further work to fabricate single crystal
CuPc OFETs. The next planned step was to fabricate a top gate top contact
single crystal CuPc OFET with a solution processed polymer insulator. This ar-
chitecture would not require injected charges to travel through the crystal bulk to
the reach the channel and the distance between gate and semiconductor would be
purely controlled by the insulator thickness. The gate would be formed either by
thermal evaporation of aluminium or using a conducting metal paint. Although
CuPc has poor solubility in most organic solvents, the needles may still be dam-
aged if the solvent is not completely orthogonal. This therefore places a restriction
on the choice of polymer insulator. The water soluble polymer polyvinyl alcohol
(PVA) was selected for this planned further work CuPc is not water soluble.
Further work on the use of VPP-PEDOT in OFETs would be to replace the
remaining metallic layer in the devices described in Chapter 6, the aluminium
gate electrode, with a VPP-PEDOT electrode. Given the fragility of the polymer
insulator and semiconductor layers on to which VPP-PEDOT would be deposited,
it is unlikely that simply repeating the steps for depositing on the relatively
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robust plastic substrates would lead to working devices. In particular, the IPA
based oxidant solution and methanol rinse step would very likely degrade the
underlying PMMA and P3HT layers. This indicates the need to find an insulator
and semiconductor system which are orthogonal to the solvents used in the VPP
process.
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